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Daniel R. Lux 
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Orono 
B. Clark Burchfiel 
Department of Earth, Atmospheric, and Planetary Sciences, 
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Abstract. In the Mt. Olympos region of northeastern 
Greece, continental margin strata and basement rocks were 
subducted and metamorphosed under blueschist facies 
conditions, and thrust over carbonate platform strata during 
Alpine orogenesis. Subsequent exposure of the subducted 
basement rocks by normal faulting has allowed an integrated 
study of the timing of metamorphism, its relationship to
deformation, and the thermal history of the subducted terrane. 
Alpine low-grade metamorphic assemblages occur at four 
structural levels. Three thrust sheets composed of Paleozoic 
granitic basement and Mesozoic metasedimentary cover were 
thrust over Mesozoic arbonate rocks and Eocene flysch; 
thrusting and metamorphism occurred first in the highest thrust 
sheets and progressed ownward as units were imbricated from 
NE to SW. 40Ar/39Ar spectra from hornblende, white mica, 
and biotite samples indicate that the upper two units preserve 
evidence of four distinct thermal events: (1) 293-302 Ma 
crystallization f granites, with cooling from >550øC to <325øC 
by 284 Ma; (2) 98-100 Ma greenschist toblueschist- 
greenschist transition facies metamorphism (T~350-500øC) and 
imbrication of continental thrust sheets; (3) 53-61 Ma 
blueschist facies metamorphism and deformation of the 
basement and continental margin units at T<350-400øC; (4) 36- 
40 Ma thrusting of blueschists over the carbonate platform, and 
metamorphism at T-200-350øC. Only the Eocene and younger 
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events affected the lower two structural packages. A fifth 
event, indicated by diffusive loss profiles in microcline spectra, 
reflects the beginning of uplift and cooling to T<100-150øC at 
16-23 Ma, associated with normal faulting which continued 
until Quaternary time. Incomplete resetting of mica ages in all 
units constrains the temperature of metamorphism during 
continental subduction to T<350øC, the closure temperature for 
Ar in muscovite. The diffusive loss profiles in micas and K- 
feldspars enable us to "see through" the younger events to older 
events in the high-T parts of the release spectra. Micas grown 
during earlier metamorphic events lost relatively small amounts 
of Ar during subsequent high pressure-low temperature 
metamorphism. Release spectra from phengites grown during 
Eocene metamorphism and deformation record the ages of the 
At-loss events. Alpine deformation in northern Greece 
occurred over a long time span (-90 Ma), and involved 
subduction and episodic imbrication of continental basement 
before, during, and after the collision of the Apulian and 
Eurasian plates. Syn-subduction uplift and cooling probably 
combined with intermittently higher cooling rates during 
extensional events to preserve the blueschist facies mineral 
assemblages as they were exhumed from depths of >20 km. 
Extension in the Olympos region was synchronous with 
extension in the Mesohellenic trough and the Aegean back-arc, 
and concurrent with westward-progressing shortening in the 
external Hellenides. 
INTRODUCTION 
During the Alpine orogeny in Greece, the Apulian plate 
collided with the European plate to form the Hellenic Alps. The 
latest Cretaceous-Paleocene collision resulted in subduction of 
continental crust of the leading edge of the Apulian plate 
[Mercier et al., 1975; Jacobshagen etal., 1978; Burchfiel, 
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1980]. Such continental, or "A-type," subduction [Bally, 
1975] has been recognized in many mountain belts where 
present crustal thicknesses and palinspastic reconstructions 
require that many kilometers ofcontinental basement have been 
detached from the sedimentary cover and are apparently 
missing. A-type subduction can occur in both continent- 
continent collision zones such as the Alpine-Himalayan chain 
[e.g., Trumpy, 1963, Milnes, 1978; Burchfiel, 1980; Roecker, 
1982] and the Scandinavian Caledonides [Gee, 1975; Hodges 
et al., 1982], and in non-collisional orogens uch as the 
western North American Cordillera and the Andes [Bally, 
1975; Roeder, 1988]. The results of A-type subduction, 
including large-scale crustal shortening and thickening, regional 
metamorphism, and high topography, attest o its importance as 
a mountain-building process. Although A-type subduction 
appears to be a common feature of continental orogens, there 
are few localities where portions of subducted or partially 
subducted crust are presently exposed at the surface. As a 
result, direct observations concerning the thermal and structural 
evolution of A-type subducfion zones are limited [e.g., Hodges 
et al., 1982]. In the Alpine system, from the western Alps to 
the Hellenides, a combination of tectonic denudation and 
isostatic uplift and erosion has exhumed parts of the subducted 
plate [Rubie, 1984; Thiebault and Tfiboulet, 1984; Schermer 
and Burchfiel, 1987; Selverstone, 1988; Royden and Burchfiel, 
1989], making it an ideal place to study the effects of 
subduction of continental crust. 
The peaks and high topography of Mr. Olympos (Figure 1) 
are formed by carbonate rocks that are thought to correlate with 
the external Hellerfides [Godfriaux, 1968; Fleury and 
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Fig. 1. Simplified geologic map of the Olympos area, with locations of samples analyzed for Rb/Sr and 
40Ar/39Ar dating. Mapping by Schermer [1989] on the flanks of Mt. Olympos, modified from Schmitt 
[1983] and Katsikatsos and Migiros [1987] in the Ossa mountains. A-A' and B-B' indicate locations of
cross ections inFigure 2. Inset: simplified tectonic map of Greece, indicating major Alpine tectonic zones. 
R, Rhodope; V, Vardar zone; P, Pelagonian zone; Pi, Pindos zone; E, External Hellenides, M, 
Mesohellenic trough. Internal Hellenides are indicated by dot pattern. 
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Godfriaux, 1974], although which unit they correlate with 
remains uncertain [Schmitt, 1983]. These rocks are exposed in 
a tectonic window through metamorphic rocks of the internal 
Hellenides. The exposure of a thick structural cross-section 
through the orogen in this area provides the opportunity to 
study a large part of the long history of tectonism in the 
Hellenides. Due to the complex geological history of the 
internal Hellenides, considerable controversy still exists as to 
the number, age, and regional significance of various 
deformation phases, and there is little agreement on the 
paleogeographic reconstruction f the region (see Robertson 
and Dixon [1984] for a useful introduction to the many 
problems). 
Knowledge of the timing of deformational nd metamorphic 
events and the thermal evolution of the crust is important to 
understanding the process of continental subduction. In 
particular, we can ask the following questions: What are the 
timing relations between large-scale plate motions and 
deformation and metamorphism within the orogen? Do high- 
pressure, low-temperature conditions occur as in oceanic 
subduction zones? If so, what are the cooling rates that 
resulted in preservation of the rocks metamorphosed under 
such conditions? 
In an attempt o elucidate the thermal evolution of an A-type 
subduction z e, we present 40Ar/39Ar and Rb/Sr data from 
metamorphic rocks of the Mt. Olympos region (Figure 1). 
Detailed mapping and petrologic analysis constrain the relations 
between deformation and metamorphism and the interpretations 
of the tectonic significance and regional context of the 
geochronologic and thermochronologic data [Schermer and 
Burchfiel, 1987; Schermer, 1989; Schermer et al., 1989]. 
Analysis of minerals with different closure temperatures 
[Dodson, 1973] allows us to determine the low-temperature 
thermal history of the units as they were Wansported from 
blueschist facies conditions to the surface. 
GEOLOGIC SETFING OF THE INTERNAL HELENIDES 
Deformation began in the internal (eastern) Hellenides 
(Figure 1) with intrusion of Middle Jurassic granites and 
obduction of Middle Jurassic ophiolites in latest Jurassic time. 
A-type subduction resulted from >400 km shortening of the 
leading edge of the Apulian plate as deformation continued 
episodically through Cretaceous and Tertiary time and 
progressed from east to west into the external Hellenides 
[Burchfiel, 1980; Schermer, 1989]. The external Hellenides 
consist dominantly of unmetamorphosed Triassic to Tertiary 
carbonate platform and basinal sWata that were not deformed 
until post-Eocene time [Aubouin, 1959; Jacobshagen et al., 
1978; Papanikolaou, 1984a]. Concurrent with compressional 
deformation, extension and subsidence of the Mesohellenic 
trough occurred uring the Oligocene and Miocene 
[Papanikolaou et al., 1988]. Opening of the Aegean back-arc 
basin and formation of the present-day plate boundary system 
began at .•10-13 Ma lAngelief, 1978]. 
Mt. Olympos (Figure 1) appears beneath a large area of 
Paleozoic to Mesozoic metamorphic rocks termed the 
Pelagonian zone of the internal Hellenides [Aubouin, 1959; 
Godfriaux, 1968]. East of the Olympos region, the Vardar 
zone (Figure 1) is dominated by ophiolitic rocks and extends 
northward into the Dinarides in Yugoslavia. The Vardar zone 
is thought o be the main suture between the continental 
fragments of the Pelagonian zone (or the Apulian plate) to the 
west and Rhodope to the east, but the original size of the 
oceanic basin or basins is uncertain (compare Burchfiel [ 1980]; 
Jacobshagen et al. [1978], and Vergely [1976; 1984]). Several 
workers [e.g., Smith, 1971; Barton, 1976; Nance, 1981; 
Mountrakis, 1986] believe that the ophiolites present 
throughout the internal Hellenides originated from more than 
one Jurassic ocean basin; a Vardar ocean to the east of the 
Pelagonian zone, and a Pindos ocean to the west. In such a 
scenario the Pelagonian zone would have been a 
microcontinental fragment, rather than a part of the Apulian 
plate during Jurassic and Cretaceous time. 
After the original recognition of Mt. Olympos as a tectonic 
window by Godfriaux [ 1968], susequent workers [Barton, 
1976; Yarwood and Dixon, 1977; Nance, 1981; Katsikatsos et 
al., 1982; Schmitt, 1983, Schermer, 1989] have focused on the 
structural nd metamorphic evolution of the surrounding region 
and have refined the tectonostratigraphy roposed by 
Godfriaux [1968]. In the Mt. Olympos region, (Figures 1 and 
2), the Pelagonian zone can be subdivided into four principal 
tectonosWatigraphic units, including from top to bottom: (1) 
dismembered ophiolitic rocks; (2) deformed Paleozoic 
continental basement gneisses and granites overlain by Permo- 
Triassic metase•mentary and metavolcanic rocks, and Triassic 
and Jurassic platform limestone and dolomite (Pierien and 
Infrapierien units); (3) continental margin carbonate and 
quartzofeldspathic sedimentary rocks, and mafic to intermediate 
volcanic rocks (Ambelakia unit); (4) parautochthonous Triassic 
to Eocene neritic carbonate rocks and Eocene flysch (Olympos- 
Ossa unit). 
The continental basement rocks have been divided into the 
"Pierien" unit, consisting of dominantly granite and granitic 
gneiss, overlain by thick marble; and the "Infrapierien" unit, 
consisting of intercalated quartzofeldspathic and amphibolitic 
gneiss, mica schist, minor granite, and a thin marble cover. 
These units are imbricated so that Infrapierien rocks are found 
both above and below Pierien rocks (nomenclature modified 
from Schmitt [1983]). In the study area, low-grade 
metamorphic assemblages occur at four structural levels, with 
peak metamorphic temperatures apparently decreasing from top 
to bottom, from (1) greenschist and blueschist-greenschist 
transition facies in the northernmost Infrapierien unit; (2) 
blueschist-facies in the underlying Pierien unit to the south; (3) 
blueschist-facies in the Ambelakia unit; to (4) low-temperature 
blueschist to prehnite-pumpellyite facies in the Olympos-Ossa 
unit. 
Detailed mapping and sample collecting in the Olympos area 
have provided insight into the structural nd metamorphic 
evolution of the continental margin during subduction and 
collision. As reported in Schermer and Burchfiel [1987], and 
described in more detail elsewhere [Schermer, 1989; E.R. 
Schermer and B.C. Burchfiel, paper in preparation, 1990], 
seven tectonic events have been recognized. At least two 
phases of thrusting and metamorphism (Do, D1) within the 
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Pieden and Infrapierien units occurred prior to their 
emplacement above the Ambelakia and Olympos-Ossa units. 
Emplacement of ophiolite nappes above the Pieden and 
Infrapierien units and greenschist-amphibolite facies 
metamorphism probably occurred during the earliest events 
[Nance, 1981; Schmitt, 1983]. D1 thrusting was accompanied 
by isoclinal folding and greenschist facies and blueschist- 
greenschist transition facies metamorphism. Blueschist facies 
metamorphism of the Ambelakia and Pieden units was 
accompanied by two phases of folding and foliation formation, 
culminating in the southwest-vergent thrust emplacement of the 
Pieden unit above the Ambelakia unit (D2) and later 
emplacement of both units above the Olympos platform along 
the Olympos thrust (D3) [Schermer, 1989]. Movement on the 
Olympos thrust must be younger than the Lutetian flysch that 
occurs in its footwall [Godfriaux, 1968], thus the penetrative 
deformation and blueschist facies metamorphism that 
accompanied this event is younger than 50-44 Ma [Hadand et 
al., 1982]. Two later phases of fight to open folds have 
deformed the original thrust faults (I)4, D6). The final phase of 
deformation i cludes at least wo generations ofnormal faults 
(Ds, I)7) that cut through the sequence ofthrust faults and place 
the highest structural units down to the east and northeast 
against the lowest structural units. The youngest normal faults 
also displace Neogene and Quaternary alluvial deposits along 
the eastern flank of Mr. Olympos (Figures 1 and 2). 
Previous Geochronological Studies 
Previous geochronological studies, ummarized inTable 1, 
indicate that the Mt. Olympos region has undergone a complex 
multistage metamorphic and deformational history. At least one 
phase of Cretaceous thrusting, accompanied bygreenschist- 
amphibolite facies metamorphism affected the Infrapierien and 
TABLE 1. Previous Geochronologic Data 
Unit Rock Type Age (Ma) Method Reference 
Pierien granite 302 + 5 U-Pb zircon 1 
Pierien granitic gneiss 119 +_ 3 Rb-Sr mineral 2 
116 +_ 5 isochron 
Pierien mylonitic gneiss 124 +_ 4 Rb-Sr mica- 3 
whole rock 
Infrapierien augen schist 101 +_ 2 Rb-Sr mineral 2 
isochron 
Pieden phyllonite 39 +_ 1 Rb-Sr whole 3 
rock 
All ages calculated using decay constants of Steiger and Jaeger [1977]. 
References: (1) Yarwood and Aftalion [1976], (2) Yarwood and Dixon [1977], 
(3) Barton [1976] 
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Pierien nappes [Barton, 1976; Yarwood and Dixon, 1977; 
Nance, 1981], although more than one distinct event may be 
interpreted from the data [Yarwood and Dixon, 1977]. Prior to 
this study, there had been no direct dating of blueschist-facies 
minerals in the Pierien and Ambelakia units; however, a Rb-Sr 
whole rock date of 39 + 1 Ma by Barton [1976] on phyllonites 
from the Olympos thrust zone has been interpreted as the age of 
metamorphism by several authors [Katsikatsos et al., 1982; 
Vergely, 1984]. 
SAMPLE SELECTION AND ANALYTICAL METHODS 
Samples for geochronological nalysis were collected from 
the different structural units in an effort to elucidate the complex 
history of metamorphism, thrusting, and normal faulting. 
Samples were obtained from the Infrapierien, Pierien, and 
Ambelakia units (Figures 1 and 2); however, we were unable to 
obtain separates of any minerals from the Olympos-Ossa unit or 
the ophiolite unit. The majority of the samples are mica schists 
containing phengitic mica that is parallel to the schistosity. 
Hornblende, muscovite, biotite, and K-feldspar were obtained 
from granitic gneiss samples of the Pierien unit and hornblende 
was obtained from amphibolite within the Infrapierien unit. 
Standard heavy liquid and magnetic separation techniques 
were used to separate white mica, potassium feldspar, biotite, 
and hornblende. Because of the extremely fine grain size (10- 
100gm) of the majority of the phengites from the blueschists, 
samples were also hand picked to ensure >99% purity. 
Nevertheless, in some cases, submicroscopic inclusions of 
sodic amphibole, sodic pyroxene, or epidote were probably 
TABLE 2. Structural and Metamorphic Characteristics of Geochronology Samples 
Unit Sample Mineral Separates* Structure** Metamorphism 
(within sample) (whole unit) 
Ambelakia 
Pierien 
Group 1 
Pierien 
Group 2 
Pierien 
Group 3 
Infrapierien 
A1 
P1 
P2 
P3 
P4 
phengite, ~ homogeneous comp.; S2 isoclinally folded; S3 
+ <2% glaucophane 
phengite, ~ homogeneous comp. mylonitic S3 fabric 
phengite, possibly 2 comps. S2 isoclinally folded; S3 
phengite, ~ homogeneous comp. 
microcline 
phengite, ~ homogeneous comp. 
phengite, ~ homogeneous comp. 
phengite, ~ homogeneous comp. 
P5 phengite, ~ homogeneous comp. 
P6 phengite, <10% glaucophane 
P7 biotite, ~2% chlorite 
homblende 
P7a microcline 
P8 phengite + 30-40% muscovite 
microcline 
P9 M1 muscovite "fish" 
M2 phengite, ~2-5% muscovite 
P10 phengite, -•2% muscovite 
microcline + orthoclase 
P11 phengite, homogeneous? 
microcline + orthoclase 
blueschist facies M2 and M3, 
P--6-8kb 
T~2(X)-300øC 
IP 1 phengite, homogeneous 
IP2 phengite, homogeneous 
IP3 phengite, homogeneous 
IP4 hornblende 
mylonitic S3; some relict S2 texture 
one dominant mylonitic fabric (S3) 
S2 isoclinally folded; mylonitic S3 
relict S2 cut by mylonitic S3 
early greenschist-amphibolite facies 
poorly preserved, 
M2 blueschist facies, 
P>6-7 kb, T<350-400øC 
M3 similar P,T or lower T 
S2 folded; weakly mylonitic S3 
S2 folded; weakly mylonitic S3 
very weak foliation 
very weak foliation 
early greenschist-amphibolite facies, 
M2 blueschist facies variably 
developed, P>6-7 kb, T<350-400øC 
M3 possibly lower T 
early mylonitic fabric, later cataclastic pre-foliation muscovite, 
early greenschist-amphibolite facies 
early mylonitic fabric, later cataclastic poorly preserved, 
M2 blueschist facies fabric with 
early mylonitic fabric, later cataclastic phengite, P>6-7 kb, T<350-400øC 
distinct M3 minerals not evident 
early mylonitic fabric, later cataclastic 
one dominant mylonitic fabric (S1) Mo greenschist-amphibolite facies 
relict S 1 cut by mylonitic S2 M1 blueschist-greenschist transition 
S2 or S37 foliation only facies, P.--4-6 kb, T~350-500øC 
weak amphibolite facies fabric, minor M2 same P,T or lower T, accompanied 
retrogression by mylonitization 
*Purity of separate and mineral compositions from petrographic and microprobe analysis [Schermer, 1989]; contaminant given only where 
sample is not >>99% pure. 
**S1, S2, S3 refer to regional correlations of fabric-forming events [Schermer, 1989]. 
?M1, M2, M3 correlated with deformational events; P-T conditions for each unit from Schermer [ 1989]. 
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present as volumetrically minor constituents. It is also possible 
that more than one composition of white mica was present in 
some samples, because many samples contain more than one 
metamorphic fabric. However, electron microprobe analyses 
and petrographic data [Schermer, 1989] indicate that all 
samples contain phengitic white mica, except samples P8, P9, 
P10, and P11 which contain both phengite and muscovite, and 
that, while phengite compositions vary between samples, the 
within-sample compositional variation is very limited (with the 
possible exception of P10, which we have not probed). 
Potassium feldspars are dominantly microcline, but partially 
exsolved orthoclase is also present in several samples. Table 2 
summarizes the composition, purity, and location of each 
sample and indicates the structural and metamorphic 
characteristics of each group of samples. 
Samples (100 mg micas, 150-200 mg feldspar, 500 mg 
hornblende) were irradiated with two irradiation monitors, 
(interlaboratory standards, SB51 (246.7 Ma), and IEH (180.9 
Ma), by comparison with MMhb-1), for 72 hours in the Ford 
reactor at the University of Michigan. Incremental step heating 
analysis was performed at the University of Maine, Orono, 
using a molybdenum crucible and radio frequency induction 
heating followed by gettering using Cu-CuO and Zr-A1 getters 
and a molecular sieve desiccant. A Nuclide 6-60-SGA 1.25 m 
mass spectrometer was used for the isotopic analyses. 
Ages and uncertainties (20) were calculated using equations 
given by Dalrymple etal. [1981]. Criteria for determining 
plateaus were from Fleck et al. [1977] and Dalrymple and 
Lanphere [1969]. Where several increments do not statistically 
der'me a plateau (using analytical errors) but are within 20 error 
of each other (total error, including error in J-value) so that they 
overlap on the release spectra, a "near-plateau" age was 
calculated; the error on this near-plateau age reflects the spread 
of the increment ages. All ages discussed in this paper are 
calculated using the decay constants of Steiger and Jaeger 
[1977]. 
The assumption that non-radiogenic Ar is of atmospheric 
composition is tested by the use of a 39Ar/40Ar-36Ar/40Ar 
isotope correlation plot [Roddick et al., 1980], where 
successive increments having a similar composition of 
extraneous (non-radiogenic) argon should lie on a mixing line 
between nonradiogenic Ar of36Ar/40Ar ratio given by the x- 
intercept and radiogenic 40Ar given by the y-intercept at a
39Ar/40Ar ratio corresponding to the age of the increments. In 
cases where the non-radiogenic omponent or components do 
not appear to have atmospheric omposition, we have 
calculated an intercept age, and have indicated the quality of fit 
of the regression with the value MSWD [York, 1969]. Plots of 
K/Ca ratio as measured by 39Ar/37Ar a e also shown where 
the 37Ar peak was large nough tobe measured accurately (it is 
often very small for Ca-poor phases such as muscovite), and 
where the variation during the course of the step-heating 
experiment was significant. 
All data are corrected for the system blank (atmospheric in 
composition). Before samples are admitted to the induction 
furnace it is degasseal by repeated heating to temperatures equal 
to or in excess of the fusion temperature. Subsequent system 
blanks are found to be low (-10 -13 moles of 4øAt) and 
relatively constant over most of the temperature range used for 
incremental heating. Furthermore, blanks are small relative to 
the size of most sample increments, generally <1%. 
Significantly higher and more variable blanks are associated 
with the first and last increment of any given experiment. We 
attribute the higher blank in low temperature increments to 
liberation of Ar associated with the metal foil in which samples 
are encapsulated. The fusion blank is probably related to Ar 
diffusion through the pyrex furnace. It is difficult o accurately 
correct for these blanks because of their variability and it is 
likely that we have under-corrected for the blanks associated 
with these increments. This does not appear to be a problem 
for most samples. 
Rb-Sr samples were analyzed in S.R. Hart's laboratory at 
M.I.T. Sample sizes for Rb and Sr analysis were typically 25- 
50 mg. Samples were digested in open beakers in an HF- 
HC104 mixture with spike solution, followed by dissolution i  
6.2N HC1. Rb and Sr were analyzed by isotope dilution 
methods described in detail by Hart and Brooks [1977]. 
Blanks averaged <300 pg/g for Sr and Rb and are negligible. 
Sr isotopic ompositions were corrected for fractionation using 
87Sr/86Sr = 0.1194 and normalized to0.7080 for E&A 
SrCO3. Analytical precision for 87Sr/86Sr is <0.005%; Rb/Sr 
is reproducible to better than 1%. 
RESULTS 
Data are presented for each structural unit and discussed 
together in the following section. A brief summary of the 
metamorphic and structural characteristics of each unit is also 
given (also see Table 2). Table 3 summarizes the interpreted 
ages of all samples. 40Ar/39Ar incremental heating schedules 
are presented in Table 4; Rb/Sr data are presented in Table 5. 
Preliminary Ar/Ar results for some of the samples were 
reported by Schermer et al. [1989]. 
Ambelakia Unit 
Three samples collected from the Ambelakia unit show 
varying degrees of recrystallization and deformation; however, 
all rocks contain a dominant S2 foliafion plane formed by 
phengitic micas (Table 2). In samples that contain two 
metamorphic fabrics, both foliations are formed by fine-grained 
phengites of similar composition and appear to have formed 
under similar high pressure, low temperature conditions 
[Schermer, 1989]. 
Step heating profiles from micas from the Ambelakia unit are 
shown in Figure 3. Sample A1 shows a well-developed 
plateau at 39.6 + 0.9 Ma. The other two samples how 
complicated age gradients yielding Oligocene ages for low- 
temperature steps and Cretaceous ages for high-temperature 
steps. Samples A2 and A3 have early Eocene total gas ages of 
52.8 _+ 0.7 Ma and 53.5 _+ 1.1 Ma, respectively. The 
spectrum for A2 appears to level off at 44-55 Ma, while that for 
A3 increases continuously from 32 Ma to 73 Ma. In both 
spectra, however, the K/Ca ratio drops sharply and the age 
increases during the high-temperature steps, possibly indicating 
that an older mineral of different composition and diffusion 
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TABLE 3. Summary of Ar/Ar ages 
Unit Sample* Interpreted Age, Ma** 
Ambelakia A1-M 39.6 + 0.9 
Ambelakia A2-M 52.8 _ 0.7t 
Ambelakia A3-M 53.5 _+ 1.1t 
Remarks 
, 
Plateau 
Total gas age; age gradient 
Total gas age; gradient due to mixed micas 
Pierien 1 P1-M TO 57.0 + 1.8 
T1 45 
Pierien 1 P1-K 28.0 + 0.5 
Pierien 1 P2-M TO 56; T1 40 
Pierien 1 P3-M TO 55; T1 36 
Pierien 1 P4-M 53.1 + 0.7 
Near-plateau in high temp. increments, 
diffusive-loss profile 
Minimum age in saddle 
Smooth age gradlent--diffusive loss profile 
Smooth age gradlent--diffusive loss profile 
Isochron for plateau increments 
Pierien 2 P5-M 60.4 + 1.0 
Pierien 2 P6-M 61.0 + 1.0 
Pierien 2 P7-H 297.2 + 3.6 
Pierien 2 P7-B TO 291 + 7 
T1 98 + 10 
Pierien 2 P7a-K 35.8 + 0.4 
Isochron for plateau increments 
Isochron for middle-high temp. increments 
Min. age; isochron age is 293 + 21 Ma 
TO for middle subhorizontal increments; 
smooth age gradient to T1 
Minimum age in saddle 
Pierien 3 P8-M 135.4 + 1.5t 
Pierien 3 P8-K 22.9 + 0.3 
Pierien 3 P9-M1 TO 290; T1 68 
Pierien 3 P9-M2 61.4 + 0.9 t 
Pierien 3 P 10-M 58.8 + 0.9 
Pierien 3 P10-K 16.2 + 0.2 
Pierien 3 P11-M 60.5 + 0.8t 
Pierien 3 P 11-K 19.5 + 0.3 
Total gas age; gradient due to mixed micas 
Minimum age in saddle 
Smooth age gradlent--diffusive loss profile 
Total gas age; gradient due to mixed micas; 
subhorizontal in middle steps 57-59 Ma 
Near-plateau for high temp. increments 
Minimum age in saddle 
Total gas age; gradient due to mixed micas 
Minimum age in saddle 
Infrapierien IP1-M TO 98.0 + 2; T1 56 TO is isochron age; diffusive loss profile 
Infrapierien IP2-M 100.0 + 2 Isochron age for high temp. increments 
infrapierien IP3-M TO 56.8 + 1.7; T1 51 TO is isochron age; diffusive loss profile 
Infrapierien IP4-H 457 + 7 Isochron a•e; may be excess Ar 
* M, white mica; K, K-feldspar; H, hornblende; B, biotite. 
**For age gradients interpreted to be diffusive-loss profiles, both high-temperature (TO) and 
low-temperature (T1) ages are given; these correspond roughly to initial crystallization age and a 
maximum for the resetting age, respectively (see rex0. 
tTotal gas ages for these samples have no geological significance. 
characteristics i also present. There is no clear correlation of 
homogeneity of Ar composition with degree of 
recrystallization, asthe apparently least-recrystallized sample, 
A 1, shows the best-developed plateau, while the most 
thoroughly mylonitized rock, A2, yields the most disturbed 
spectrum. 
Pierien Unit 
Samples from the crystalline basement rocks of the Pierien 
unit have been divided into three groups based on structural 
level: (1) samples from 40-400 m above the basal thrust and 
from parallel mylonite zones higher in the thrust sheet (P1, P2, 
P3, and P4); (2) metasedimentary and granitic rocks from >400 
m above the thrust hat are not strongly mylonitized (P5, P6, 
and P7); and (3) mylonitic gneisses 10-50 m below the normal 
faults which bound the upper part of the Pierien unit on the 
north and east sides of Mt. Olympos (1'8, P9, P10, P 11) 
(Tables 2 and 3, Figures 1 and 2). 
Group 1 samples from mylonite zones in the lower part of 
the unit (Figures 1 and 2), consist of strongly foliated 
mylonitized granitic to granodioritic gneiss. Some samples 
show evidence of two metamorphic foliafions; S1 is isoclinally 
folded and transposed into S2; however the same mineral 
assemblage ispresent in both fabrics. The high phengite 
content of the micas indicates high pressure conditions of 
metamorphism, P>6-7 kb [Schermer, 1989]; however 
temperature conditions are poorly constrained. It will be argued 
below that temperatures probably did not exceed 350-400øC. 
Incremental release profries from Pierien group 1 samples 
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TABLE 4. 40Ar/39Ar Data 
Temp. 
•2 
4OAr 
39Ar 
650 
800 
850 
900 
950 
1000 
1050 
1100 
Fuse 
8.661 
5.114 
4.154 
3.471 
4.002 
4.103 
4.340 
4.955 
5.806 
Total 
Plateau age 
650 
800 
850 
900 
950 
1000 
1050 
1100 
Fuse 
Total 
8.54 
4.84 
4.46 
4.67 
5.72 
6.91 
9.54 
10.93 
14.50 
650 
800 
850 
900 
950 
1000 
1050 
1100 
Fuse 
6.410 
5.142 
5.237 
5.851 
5.643 
6.133 
7.128 
8.242 
8.658 
37Ar 36Ar Moles 
39Ar 39Ar 39Ar 
(E-14) 
39Ar 4OAr 
%Total %Radio- 
genic 
K/Ca 
Sample: A1-M Field No.: 86RA5B-M 
0.1559 0.0200 214.6 3.2 
0.2886 0.0064 488.2 7.3 
0.2447 0.0027 1095.2 16.5 
0.2929 0.0007 44.9 0.7 
0.1193 0.001I 2536.6 38.1 
0.1541 0.0013 1269.0 19.1 
0.2953 0.0021 556.9 8.4 
0.5938 0.0047 263.2 4.0 
2.0727 0.0081 186.1 2.8 
6654.7 100.0 
J = 0.006001 
31.4 
62.5 
80.2 
94.0 
91.2 
90.1 
85.5 
72.3 
61.1 
3.14 
1.70 
2.00 
1.67 
4.11 
3.18 
1.66 
0.82 
0.24 
Sample: A2-M Field No.: 85RA6-M 
0.0174 0.0171 444.8 7.1 
0.0145 0.0032 870.1 13.9 
0.0112 0.0011 1302.5 20.9 
0.0096 0.0008 1968.6 31.5 
0.0197 0.0015 814.7 13.1 
0.0634 0.0012 388.8 6.2 
0.1493 0.0019 159.3 2.6 
0.1919 0.0025 82.1 1.3 
0.4800 0.0030 209.3 3.4 
6240.1 100.0 
Sample: A3-M Field No.' 86RA3-M 
0.0477 0.0115 471.0 6.3 
0.0228 0.0040 804.7 10.8 
0.0151 0.0026 1248.3 16.7 
0.0187 0.0033 1146.9 15.3 
0.0217 0.0018 1376.6 18.4 
0.0616 0.0017 1078.1 14.4 
0.1149 0.0030 707.8 9.5 
0.2196 0.0044 432.1 5.8 
0.7500 0.0073 210.2 2.8 
J = 0.006027 
40.5 
79.6 
91.8 
94.1 
91.9 
94.5 
93.9 
93.0 
93.9 
28.20 
33.91 
43.95 
50.96 
24.84 
7.72 
3.28 
2.55 
1.02 
J = 0.006009 
46.6 
76.2 
85.0 
82.7 
89.9 
91.2 
87.3 
84.0 
75.3 
10.27 
21.50 
32.51 
26.27 
22.61 
7.95 
4.26 
2.23 
0.65 
Age (Ma) 
29.20 +_ 1.75 
34.29 +_ 0.62 
35.73 +_ 0.79 
35.01 +_ 2.12 
39.10 +_ 0.59 
39.57 +_ 1.19 
39.74 + 0.68 
38.42 +_ 0.79 
38.07 +_ 1.39 
37.93 +_ 0.82 
39.60 +_ 0.90 
37.2 +_ 0.8 
41.4 +_ 0.5 
44.0 +_ 0.5 
47.2 +_ 0.5 
56.3 + 0.7 
69.7 +_ 1.2 
94.9 +_ 1.1 
107.3 +_ 1.7 
142.3 +_ 1.6 
52.8 +_ 0.7 
32.06 +_ 1.65 
41.99 + 0.95 
47.60 + 2.01 
51.72 +_ 0.68 
54.19 + 0.66 
59.64 +_ 0.83 
66.24 +_ 0.91 
73.56 +_ 1.58 
69.39 +_ 1.13 
Total 7475.7 100.0 53.48 +_ 1.10 
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TABLE 4. (continued) 
Temp. 37Ar 36Ar Moles 
39At 39At 39At 
(E-14) 
39At 40At 
%Total %Radio- 
genic 
K/Ca A•½ (•a) 
700 
825 
875 
925 
975 
1025 
1100 
1140 
Fuse 
5.759 
5.816 
5.640 
5.770 
5.714 
5.868 
6.325 
7.861 
10.051 
Total 
Plateau Age 
650 
800 
850 
900 
950 
1000 
1050 
1100 
1130 
1150 
1170 
1185 
1200 
1215 
Fuse 
4.235 
3.248 
2.998 
3.166 
3.224 
3.432 
3.602 
3.779 
3.953 
4.198 
4.390 
4.502 
4.671 
4.792 
4.960 
825 
905 
940 
975 
1000 
1025 
1050 
1075 
Fuse 
5.41 
5.55 
5.08 
5.06 
5.10 
5.21 
5.78 
8.75 
27.26 
Sample: P1-M Field No.: 85OL38-M 
0.0227 0.0046 95.5 5.0 
0.0149 0.0027 177.5 9.3 
0.0107 0.0012 283.0 14.8 
0.0078 0.0007 481.0 25.1 
0.0099 0.0008 539.5 28.2 
0.0396 0.0008 221.6 11.6 
0.1339 0.0014 75.9 4.0 
0.4724 0.0024 25.6 1.3 
0.8937 0.0040 15.9 0.8 
1915.4 lOO.O 
Sample: P1-K Field No.: 85OL38-K 
0.0005 0.0032 1146.6 3.9 
0.0010 0.0018 2000.8 6.8 
0.0013 0.0013 1269.8 4.3 
0.0026 0.0018 839.6 2.8 
0.0021 0.0013 1076.7 3.6 
0.0031 0.0009 1017.5 3.4 
0.0027 0.0008 1377.0 4.7 
0.0027 0.0008 1723.8 5.8 
0.0011 0.0008 1862.5 6.3 
0.0007 0.0008 2855.4 9.6 
0.0022 0.0008 3713.2 12.5 
0.0020 0.0008 3464.2 11.7 
0.0015 0.0009 3289.1 11.1 
0.0033 0.0009 2230.3 7.5 
0.0052 0.0011 1745.4 5.9 
29611.9 100.0 
Sample: P2-M Field No.: 85OL43-M 
J = 0.005806 
75.9 
85.6 
93.1 
95.8 
95.4 
95.5 
93.2 
90.8 
88.5 
J = 0.006076 
21.60 
32.80 
45.70 
62.60 
49.35 
12.38 
3.66 
1.04 
0.55 
76.7 
82.5 
85.8 
82.5 
87.3 
91.6 
92.8 
92.6 
93.2 
93.7 
94.1 
93.8 
93.6 
93.5 
92.5 
J = 0.006206 
960.78 
512.66 
389.18 
191.63 
234.90 
158.49 
178.51 
182.02 
441.84 
735.74 
266.83 
248.73 
328.64 
150.50 
93.56 
0.0282 0.00590 139.1 6.9 67.1 
0.0346 0.00353 306.9 15.3 80.6 
0.0047 0.00121 345.8 17.3 92.2 
0.0299 0.00069 382.6 19.1 95.2 
0.0471 0.00052 434.8 21.7 96.3 
0.0798 0.00113 274.2 13.7 93.0 
0.1475 0.00223 85.4 4.3 88.1 
0.4875 0.00472 25.9 1.3 84.1 
3.1940 0.03978 9.5 0.5 57.7 
17.38 
14.16 
105.22 
16.41 
10.40 
6.14 
3.32 
1.00 
0.15 
45.19 + 0.99 
51.39 + 0.70 
54.18 + 0.77 
56.97 + 0.66 
56.24 + 0.76 
57.77 + 0.71 
60.74 + 1.09 
73.29 + 1.76 
90.93 + 2.99 
55.99 _+ 0.78 
56.99 _+ 1.82 
35.25 + 0.54 
29.13 + 0.47 
27.99 + 0.46 
28.39 + 0.57 
30.58 + 0.43 
34.12 + 0.51 
36.26 + 0.52 
37.94 + 0.46 
39.94 + 0.49 
42.63 + 0.48 
44.75 + 0.55 
45.72 + 0.55 
47.31 + 0.54 
48.48 + 0.71 
49.60 +_ 0.58 
40.93 _+ 0.53 
40.2 +_ 2.3 
49.4 _+ 0.7 
51.7 _+ 0.5 
53.1 _+ 0.7 
54.2 _+ 0.7 
53.4 _+ 0.5 
56.2 _+ 1.1 
80.6 +_ 3.2 
168.4 _+ 13.3 
Total 2004.2 100.0 52.7 + 0.6 
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TABLE 4. (continued) 
Temp. 40A r
39Ar 
825 
905 
940 
975 
1000 
1025 
1050 
Fuse 
4.32 
4.47 
4.78 
4.97 
5.32 
5.84 
11.68 
20.67 
825 
905 
940 
975 
1000 
1025 
1050 
Fuse 
6.65 
5.66 
5.49 
5.36 
5.62 
6.08 
7.33 
13.88 
Total 
Plateau age 
750 
850 
925 
1000 
1075 
1130 
1160 
1190 
Fuse 
5.336 
5.900 
5.954 
6.202 
6.232 
6.285 
6.428 
7.156 
12.252 
Total 
Plateau Age 
750 
850 
900 
950 
1000 
1050 
1130 
Fuse 
7.30 
6.33 
6.32 
6.56 
6.91 
8.18 
9.27 
14.96 
37Ar 36Ar Moles 
39At 39At 39At 
(E-14) 
39At 4OAr 
%Total %Radio- 
genic 
K/Ca Age (Ma) 
Sample: P3-M Field No.: 85OL46-M J = 0.006193 
0.0199 0.00336 141.8 7.5 76.2 
0.0271 0.00196 294.3 15.6 86.2 
0.0002 0.00117 513.6 27.2 91.9 
0.0189 0.00128 470.1 24.9 91.7 
0.0028 0.00172 290.7 15.4 89.7 
0.0868 0.00281 154.6 8.2 85.2 
0.0000 0.00898 6.2 0.3 77.0 
0.5032 0.03267 16.3 0.9 53.3 
1887.6 lOO.O 
24.62 
18.o8 
25.90 
177.o9 
5.64 
0.97 
Sample: P4-M Field No.: 85GO42-M J = 0.006179 
0.0178 0.00515 136.0 6.6 76.6 27.47 
0.0000 0.00230 257.7 12.5 87.3 * 
0.0069 0.00184 826.2 39.9 89.4 71.12 
0.0000 0.00151 323.8 15.7 91.0 * 
0.0000 0.00246 253.7 12.3 86.4 * 
0.0162 0.00345 164.3 7.9 82.6 30.25 
0.0136 0.00640 73.0 3.5 73.7 36.03 
0.3252 0.01799 34.2 1.7 61.6 1.51 
2069.1 100.0 
Sample: P5-M Field No.' 85G01-M 
0.0153 0.0044 90.3 2.6 
0.0114 0.0028 243.4 7.0 
0.0074 0.0009 553.2 15.8 
0.0032 0.0006 880.8 25.2 
0.0042 0.0006 958.1 27.4 
0.0115 0.0007 505.7 14.5 
0.0350 0.0012 201.0 5.8 
0.2848 0.0024 48.3 1.4 
2.5036 0.0087 14.0 0.4 
3494.8 lOO.O 
J = 0.005766 
75.1 
85.4 
94.9 
96.8 
96.6 
96.4 
94.0 
90.0 
80.3 
32.13 
43.10 
65.95 
153.60 
117.79 
42.61 
14.02 
1.72 
0.20 
Sample: P6-M Field No.: 85LI16-M 
0.0143 0.0058 320.1 13.5 
0.0086 0.0018 615.6 25.9 
0.0088 0.0011 606.3 25.5 
0.0142 0.0010 502.4 21.2 
0.0422 0.0015 225.2 9.5 
0.2263 0.0032 71.4 3.0 
0.6239 0.0051 22.4 0.9 
1.8590 0.0135 10.9 0.5 
J = 0.005813 
76.0 
90.9 
94.2 
94.9 
93.2 
88.3 
83.9 
74.0 
34.27 
57.11 
55.95 
34.48 
11.60 
2.17 
0.79 
0.26 
36.4 + 0.6 
42.6 + 0.7 
48.4 + 0.5 
50.2 + 0.5 
52.5 + 0.7 
54.7 + 0.7 
97.8 + 4.2 
119.1 + 6.7 
49 + 0.5 
55.9 + 0.7 
54.2 + 0.8 
53.9 + 0.7 
53.6 + 0.7 
53.3 + 0.7 
55.2 _+ 0.7 
59.2 + 1.5 
92.9 + 1.5 
54.9 + 0.7 
53.9 + 0.8 
41.23 + 0.99 
51.64 + 0.87 
57.81 + 0.69 
61.38 + 0.95 
61.59 + 0.72 
61.92 + 0.69 
61.81 + 1.00 
65.82 + 1.10 
99.77 + 5.75 
59.99 + 0.83 
61.67 + 0.79 
57.2 _+ 1.6 
59.4 + 1.0 
61.4 + 0.7 
64.1 +0.9 
66.2 + 0.8 
74.2 + 2.1 
79.7 + 3.7 
112.7 + 7.0 
Total 2374.2 100.0 62.1 _+ 1.1 
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TABLE 4. (continued) 
Temp. 40Ar 37Ar 36Ar Moles 39Ar 40Ar K/Ca Age (Ma) 
•2 39Ar 39Ar 39Ar 39Ar %Total %Radio- 
(E-14) genic 
Sample: P7a-K Field No.: 86G022A-K J = 0.006043 
650 6.048 0.0062 0.0034 1001.6 3.8 82.9 79.30 53.87 _+ 0.81 
800 4.055 0.0080 0.0019 1608.6 6.1 85.1 61.46 37.25 _+ 0.51 
850 3.622 0.0062 0.0009 1736.0 6.6 91.6 79.19 35.82 _+ 0.44 
900 3.768 0.0060 0.0007 1653.5 6.2 93.6 81.67 38.05 _+ 0.52 
950 4.133 0.0067 0.0006 1540.8 5.8 94.6 72.68 42.13 _+ 0.50 
1000 4.629 0.0072 0.0007 1480.1 5.6 94.6 68.47 47.11 _+ 0.57 
1050 5.074 0.0071 0.0008 1683.2 6.4 94.8 69.60 51.68 _+ 0.61 
1100 5.542 0.0070 0.0008 1856.2 7.0 95.2 69.62 56.61 _+ 0.67 
1130 6.120 0.0065 0.0009 2093.9 7.9 95.0 75.15 62.26 _+ 0.77 
1145 6.741 0.0094 0.0009 2242.0 8.5 95.6 52.41 68.90 _+ 0.80 
1160 7.306 0.0049 0.0011 2430.2 9.2 95.1 99.14 74.17 _+ 0.86 
1175 7.698 0.0067 0.0010 2340.2 8.8 95.6 73.41 78.50 +_ 0.93 
1190 7.953 0.0080 0.0011 1896.5 7.2 95.5 61.33 80.94 _+ 1.04 
1200 8.345 0.0075 0.0019 1219.6 4.6 93.0 65.23 82.66 +_ 0.99 
1225 8.380 0.0129 0.0020 1042.4 3.9 92.6 37.93 82.68 _+ 0.95 
Fuse 8.637 0.0157 0.0024 661.8 2.5 91.2 31.13 83.94 _+ 1.10 
Total 26486.6 100.0 60.81 _+ 1.66 
Sample: P7-B Field No.: 86G022-B J = 0.006042 
650 28.35 0.1909 0.0645 73.3 0.9 32.7 2.57 98.3 _+ 10.1 
800 22.41 0.1044 0.0157 238.7 3.1 79.1 4.69 183.6 _+ 3.0 
850 30.03 0.0320 0.0087 495.0 6.4 91.4 15.30 276.7 _+ 7.3 
925 29.78 0.0145 0.0036 937.8 12.1 96.3 33.86 288.3 _+ 3.6 
975 29.64 0.0232 0.0026 1001.0 12.9 97.3 21.12 289.8 _+ 3.1 
1025 30.27 0.0691 0.0027 866.3 11.1 97.3 7.10 295.4 _+ 3.1 
1100 29.68 0.0772 0.0021 1570.6 20.2 97.9 6.35 291.7 _+ 3.3 
Fuse 27.00 0.0869 0.0015 2588.5 33.3 98.3 5.64 268.3 _+ 2.9 
Total 7771.1 100.0 277.6 + 3.5 
Sample: P7-H Field No.: 86G022H J = 0.006041 
750 147.90 2.5748 .1898 11.3 0.7 62.2 .1900 798.7 _+ 25.1 
825 80.47 1.4959 .0771 19.8 1.3 71.8 .3272 540.7 _+ 6.0 
875 50.59 1.3443 .0359 25.0 1.6 78.2 .3641 391.4 _+ 5.0 
940 35.66 2.3428 .0211 35.2 2.3 83.0 .2088 297.2 + 3.6 
975 46.12 4.2575 .0198 36.1 2.4 88.1 .1147 397.0 _+ 2.9 
1000 56.36 5.7274 .0172 43.4 2.9 91.9 .0852 492.8 _+ 3.8 
1025 54.46 5.6793 .0122 105.1 6.9 94.3 .0859 489.2 + 3.4 
1050 54.51 5.5426 .0095 113.3 7.5 95.7 .0880 496.1 + 2.8 
1075 50.28 5.3800 .0084 171.8 11.3 96.0 .0907 463.1 + 3.2 
1100 43.52 5.3196 .0066 301.6 19.9 96.6 .0918 409.6 _+ 2.1 
1025 40.45 5.2894 .0056 235.6 15.5 97.0 .0923 385.1 + 2.1 
1140 39.85 5.3501 .0053 180.4 11.9 97.2 .0912 380.7 + 2.0 
1160 40.31 5.3743 .0053 157.4 10.4 97.2 .0908 384.8 _+ 2.5 
1200 37.38 4.7795 .0049 82.0 5.4 97.2 .1022 359.3 _+ 2.1 
Total 1518.1 100.0 418.88 
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TABLE 4. (continued) 
Temp. 
•C 
37At 36Ar Moles 39At 40Ar 
39Ar 39Ar 39Ar %Total %Radio- 
(E-14) genic 
K/Ca Age (Ma) 
650 
800 
850 
900 
950 
1000 
1050 
1088 
1122 
1140 
Fuse 
Total 
650 
800 
850 
900 
950 
1000 
1050 
1100 
1130 
1150 
1165 
1180 
1195 
1210 
1225 
Fuse 
Total 
650 
800 
850 
900 
950 
1000 
1050 
1088 
1115 
1135 
1150 
1170 
Fuse 
7.11 
7.08 
6.94 
7.40 
8.35 
9.93 
10.42 
11.36 
17.49 
25.46 
28.80 
3.914 
2.836 
2.295 
2.322 
2.321 
2.453 
2.690 
2.872 
3.125 
3.368 
3.702 
3.947 
4.144 
4.261 
4.381 
4.431 
Sample: P8-M Field No.: 860L44A-M J = 0.005992 
0.0059 0.0013 208.3 1.6 52.7 
0.0430 0.0038 603.8 4.5 83.9 
0.0336 0.0014 924.0 6.9 93.5 
0.0255 0.0009 1177.2 8.8 96.1 
0.0237 0.0008 1475.4 11.0 96.9 
0.0324 0.0008 1833.2 13.7 97.2 
0.0384 0.0008 1811.6 13.5 97.6 
0.0536 0.0008 1467.8 11.0 97.7 
0.1410 0.0010 1256.1 9.4 98.1 
0.1284 0.0011 892.5 6.7 98.6 
0.1206 0.0013 1728.2 12.9 98.6 
13378.1 100.0 
8.36 
11.40 
14.58 
19.22 
20.71 
15.14 
12.75 
9.15 
3.48 
3.82 
4.06 
Sample: P8-K Field No.' 86OL44A-K J = 0.006070 
0.0013 0.0029 807.4 4.6 77.1 363.88 
0.0013 0.0019 1217.8 6.9 79.5 364.94 
0.0016 0.0005 957.2 5.4 91.8 304.35 
0.0024 0.0002 838.7 4.7 95.9 200.08 
0.0029 0.0002 699.0 4.0 95.9 170.79 
0.0027 0.0002 741.8 4.2 96.8 178.25 
0.0038 0.0002 755.8 4.3 96.2 130.15 
0.0041 0.0003 844.9 4.8 95.8 119.77 
0.0017 0.0004 924.5 5.2 95.0 296.54 
0.0043 0.0004 1040.9 5.9 95.9 112.72 
0.0042 0.0004 1098.1 6.2 95.6 115.32 
0.0042 0.0005 1055.6 6.0 95.6 116.06 
0.0028 0.0005 1247.0 7.0 95.6 174.81 
0.0023 0.0006 1729.5 9.8 95.1 213.79 
0.0017 0.0006 2125.7 12.0 95.2 285.55 
0.0016 0.0007 1609.8 9.1 94.9 299.14 
17693.8 100.0 
Sample: P9-M1 Field No.: 86OL44B-M1 J = 0.006023 
31.43 
22.36 
17.38 
18.00 
22.42 
25.78 
27.05 
29.16 
29.64 
28.82 
28.84 
29.27 
29.30 
0.0111 0.0846 51.4 0.4 20.3 44.19 
0.0095 0.0374 145.7 1.1 50.5 51.85 
0.0009 0.0127 260.5 2.0 78.2 564.06 
0.0040 0.0041 560.9 4.3 93.1 122.90 
0.0009 0.0019 938.5 7.1 97.3 560.00 
0.0006 0.0013 1427.2 10.8 98.4 878.84 
0.0023 0.0010 1150.8 8.7 98.8 216.62 
0.0000 0.0010 1171.4 8.9 98.9 * 
0.0007 0.0009 1777.9 13.5 99.0 753.85 
0.0000 0.0009 2225.2 16.9 99.0 * 
0.0028 0.0008 1954.1 14.8 99.0 172.78 
0.0006 0.0009 1211.0 9.2 99.0 862.68 
0.0142 0.0012 318.9 2.4 98.7 34.61 
40.0 _+ 1.1 
63.O + O.8 
68.8 + O.8 
75.3 + O.8 
85.4 + O.9 
101.4 _+ 1.1 
106.7 _+ 1.2 
116.2 _+ 1.3 
176.6 + 2.0 
252.8 _+ 2.7 
283.6 + 3.1 
135.4 _+ 1.5 
32.76 _+ 0.58 
24.51 + 0.38 
22.93 _+ 0.30 
24.22 _+ 0.27 
24.20 _+ 0.31 
25.81 _+ 0.29 
28.12 + 0.33 
29.88 _+ 0.32 
32.21 _+ 0.43 
35.01 _+ 0.47 
38.35 + 0.50 
40.85 + 0.46 
42.89 + 0.51 
43.86 + 0.53 
45.09 + 0.53 
45.46 + 0.51 
35.66 + O.88 
68.1 _+ 6.2 
118.7 _+ 2.2 
141.9 _+ 1.9 
173.5 + 2.1 
222.7 _+ 2.4 
256.5 + 2.8 
269.1 _+ 2.9 
288.8 + 3.3 
293.6 + 3.3 
285.9 + 3.1 
286.3 _+ 3.1 
290.3 _+ 3.1 
289.5 _+ 2.9 
Total 13193.4 100.0 268.3 _+ 5.9 
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Temp. 4øAr 
c• 39Ar 
750 6.74 
850 6.07 
900 5.76 
950 5.86 
1000 5.99 
1050 6.20 
1100 7.09 
1140 10.09 
1170 16.30 
Fuse 13.68 
Total 
700 
825 
875 
925 
975 
1025 
1100 
1140 
Fuse 
TABLE 4. (continued) 
37At 36At Moles 39Ar 4øAr K/Ca 
39Ar 39Ar 39Ar %Total %Radio- 
(E-14) genic 
Sample: P9-M2 Field No.' 86OL44B-M2 J = 0.005825 
0.0374 0.0102 149.1 5.1 54.8 13.11 
0.0247 0.0039 258.5 8.9 80.6 19.81 
0.0172 0.0018 343.8 11.9 90.2 28.53 
0.0145 0.0011 403.6 13.9 93.7 33.70 
0.0516 0.0013 471.7 16.3 93.0 9.50 
0.0805 0.0017 572.2 19.8 91.6 6.09 
0.0573 0.0024 435.0 15.0 89.6 8.56 
0.0997 0.0032 173.8 6.0 90.3 4.92 
0.3534 0.0038 57.5 2.0 93.0 1.39 
0.8455 0.0105 30.0 1.0 77.6 0.58 
2895.3 100.0 
Sample: P10-M 
4.804 
5.791 
5.825 
5.979 
6.029 
6.185 
6.413 
7.099 
10.043 
Field No.: 86GO13C-M J = 0.005818 
0.0235 0.0027 128.1 5.7 82.9 20.87 
0.0177 0.0030 233.8 10.3 83.9 27.68 
0.0144 0.0014 280.5 12.4 92.2 33.93 
0.0238 0.0011 341.4 15.1 93.8 20.61 
0.0260 0.0011 433.2 19.1 94.2 18.84 
0.0676 0.0013 488.9 21.6 93.3 7.25 
0.1058 0.0013 236.6 10.4 93.4 4.63 
0.1736 0.0022 83.3 3.7 90.6 2.82 
0.5913 0.0024 40.2 1.8 93.0 0.83 
Total 
Plateau Age 
650 
800 
850 
900 
950 
1000 
1050 
1100 
1130 
1150 
1170 
1185 
1200 
1215 
Fuse 
7.317 
2.068 
1.601 
1.716 
1.822 
2.016 
2.312 
2.696 
3.102 
3.703 
4.458 
4.884 
5.146 
5.229 
5.402 
2266.0 100.0 
Sample: P10-K Field No.: 86G013C-K J = 0.006063 
0.0004 0.0024 1890.3 5.1 89.9 1338.80 
0.0008 0.0009 1829.7 4.9 85.4 593.94 
0.0004 0.0003 1966.9 5.3 93.2 1098.90 
0.0016 0.0002 1915.0 5.2 95.4 308.18 
0.0015 0.0002 1921.6 5.2 95.7 334.24 
0.0012 0.0001 1816.1 4.9 96.3 399.35 
0.0026 0.0002 1940.3 5.2 96.0 189.41 
0.0016 0.0002 1948.6 5.3 96.2 307.23 
0.0018 0.0003 2333.9 6.3 96.0 275.28 
0.0008 0.0003 2691.7 7.3 96.4 597.56 
0.0002 0.0004 3701.8 10.0 96.3 2620.32 
0.0002 0.0005 3853.8 10.4 96.3 2450.00 
0.0001 0.0005 3611.0 9.7 96.5 8249.16 
0.0006 0.0005 3083.0 8.3 96.3 859.65 
0.0004 0.0006 2538.1 6.9 96.1 1147.00 
Age (Ma) 
38.4 _+ 1.0 
50.7 _+ 0.7 
53.8 _+ 0.8 
56.8 _+ 0.7 
57.6 _+ 0.7 
58.7 _+ 0.9 
65.5 _+ 0.9 
93.4 _+ 1.1 
152.8 _+ 1.9 
108.3 _+ 5.0 
61.4 _+ 0.9 
41.31 _+ 1.26 
50.32 _+ 1.03 
55.52 _+ 0.71 
57.93 _+ 0.67 
58.67 + 0.69 
59.57 _+ 0.85 
61.79 _+ 0.84 
66.26 _+ 1.53 
95.47 _+ 2.10 
57.78 _+ 0.86 
58.70 _+ 1.90 
70.52 _+ 0.89 
19.20 _+ 0.28 
16.25 _+ 0.22 
17.81 _+ 0.22 
18.97 _+ 0.23 
21.12 _+ 0.30 
24.12 _+ 0.29 
28.14 _+ 0.36 
32.27 _+ 0.38 
38.64 _+ 0.47 
46.36 _+ 0.57 
50.74 + 0.61 
53.52 + 0.67 
54.96 + 0.70 
55.89 _+ 0.65 
Total 37041.7 100.0 39.47 _+ 0.49 
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TABLE 4. (continued) 
Temp. 
•C 
40Ar 
39Ar 
37Ar 36Ar Moles 39Ar 4øAr 
39Ar 39Ar 39Ar %Total %Radio- 
(E-14) genic 
K/Ca Age (Ma) 
650 
800 
850 
900 
950 
1000 
1050 
1100 
1130 
Fuse 
Total 
650 
800 
850 
900 
950 
1000 
1050 
1100 
1130 
1150 
1170 
1190 
1210 
Fuse 
Total 
825 
915 
975 
1000 
1025 
1050 
1075 
Fuse 
7.56 
6.48 
5.32 
5.39 
5.54 
5.69 
6.07 
6.59 
7.50 
13.05 
12.21 
3.73 
2.14 
2.15 
2.14 
2.23 
2.39 
2.69 
3.16 
3.96 
4.48 
4.87 
5.12 
5.28 
7.89 
8.06 
8.75 
9.27 
9.47 
9.56 
10.20 
13.46 
Sample: P ll-M Field No.: 86OL57-M 
0.0471 0.0129 205.5 2.1 
0.0317 0.0080 368.9 3.7 
0.0248 0.0029 585.6 5.9 
0.0257 0.0018 810.2 8.2 
0.0391 0.0015 1274.5 12.9 
0,0501 0.0013 1900.5 19.3 
0.1074 0.0013 2032.2 20.6 
0.2030 0.0014 1487.1 15.1 
0.2367 0.0021 763.0 7.7 
1.0695 0.0040 438.7 4.4 
9866.3 100.0 
Sample: P11-K Field No.: 86OL57-K 
0.0007 0.0056 752.1 2.6 
0.0012 0.0023 1563.2 5.5 
0.0016 0.0010 1652.2 5.8 
0.0023 0.0008 1775.1 6.2 
0.0038 0.0007 1586.5 5.6 
0.0026 0.0008 1276.4 4.5 
0.0044 0.0009 1215.1 4.3 
0.0040 0.0008 1236.5 4.4 
0.0050 0.0008 1400.3 4.9 
0.0043 0.0009 1830.8 6.4 
0.0063 0.0010 2071.0 7.3 
0.0033 0.0009 2786.7 9.8 
0.0026 0.0010 3878.1 13.6 
0.0020 0.0009 5389.0 19.0 
28413.0 100 
Sample: IP1-M Field No.: 85OL32-M 
J = 0.005974 
49.3 
62.8 
83.1 
89.4 
91.4 
92.6 
93.1 
93.5 
91.6 
91.4 
J = 0.006021 
10.41 
15.47 
19.77 
19.40 
12.55 
9.78 
4.56 
2.41 
2.07 
0.46 
86.1 
80.9 
84.4 
87.9 
88.6 
88.4 
87.9 
89.5 
91.2 
92.4 
92.9 
94.1 
93.6 
94.4 
J = 0.00622 
661.09 
400.59 
306.86 
210.25 
127.35 
185.73 
112.07 
121.80 
97.37 
113.69 
77.69 
148.98 
186.64 
242.38 
0.0147 0.00952 63.7 3.3 63.9 
0.2306 0.00646 113.3 5.8 76.1 
0.0178 0.00244 274.2 14.0 91.3 
0.0020 0.00181 400.0 20.5 93.8 
0.0149 0.00159 473.0 24.2 94.6 
0.0012 0.00162 385.3 19.7 94.6 
0.0092 0.00366 190.5 9.8 89.0 
0.2363 0.01282 53.4 2.7 71.7 
33.44 
2.12 
27.53 
244.63 
32.89 
411.76 
53.47 
2.07 
39.7 + 1.0 
43.4 + 0.9 
47.1 + 0.6 
51.2 + 0.8 
53.7 + 0.8 
55.9 + 0.7 
59.9 + 0.8 
65.2 + 0.8 
72.6 _+ 0.9 
124.3 + 1.6 
60.5 + 0.8 
110.8 + 1.4 
32.5 + 0.4 
19.5 + 0.3 
20.4 + 0.4 
20.5 + 0.3 
21.2 + 0.3 
22.6 + 0.3 
25.9 + 0.3 
31.1 + 0.4 
39.4 + 0.5 
44.6 + 0.6 
49.1 _+ 0.6 
51.3 + 0.6 
53.4 + 0.6 
40.6 + 1.6 
55.7 + 1.0 
67.5 + 1.5 
87.5 + 1.0 
95.0 + 1.0 
97.9 + 1.0 
98.7 + 1.0 
99.1 + 1.1 
105.2 + 2.1 
Total 1953.5 100.0 93.2 + 0.8 
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Temp. 40Ar 37Ar 
cC 39Ar 39Ar 
TABLE 4. (continued) 
36Ar Moles 39At 40At 
39Ar 39Ar %Total %Radio- 
(E-14) genic 
K/Ca Age (Ma) 
765 15.63 
825 12.29 
905 9.25 
940 8.86 
975 9.25 
1000 9.54 
1025 9.30 
1050 9.97 
1075 11.01 
1100 14.08 
Fuse 36.33 
Total 
700 
825 
875 
925 
975 
1025 
1100 
1140 
Fuse 
7.021 
5.900 
6.001 
6.339 
6.445 
6.447 
6.609 
7.245 
9.406 
Total 
Plateau Age 
750 
825 
875 
937 
975 
1000 
1025 
1060 
1100 
1122 
1140 
1160 
1190 
Fuse 
140.39 
99.32 
72.11 
54.63 
54.67 
53.63 
53.20 
48.69 
51.35 
51.44 
50.10 
50.51 
51.86 
54.29 
Total 
Plateau Age 
Sample: IP2-M Field No.: 85OL50-M J = 0.006232 
0.1843 0.00842 44.4 2.5 83.9 2.66 
0.1250 0.01016 60.2 3.4 75.3 3.92 
0.1005 0.00472 109.6 6.1 84.6 4.88 
0.0271 0.00249 155.9 8.7 91.3 18.08 
0.0136 0.00247 226.2 12.6 91.7 35.90 
0.0002 0.00261 352.2 19.6 91.5 * 
0.3184 0.00040 349.1 19.5 98.6 1.54 
0.0078 0.00195 293.5 16.4 93.8 63.06 
0.0301 0.00511 153.3 8.5 85.9 16.28 
0.1544 0.01083 40.0 2.2 77.1 3.17 
1.3931 0.06874 10.3 0.6 44.3 0.35 
1794.7 100.0 
Sample: IP3-M Field No.: 84LI26-M 
0.0198 0.0069 140.4 5.1 
0.0111 0.0020 336.3 12.2 
0.0073 0.0010 444.7 16.1 
0.0054 0.0007 617.0 22.4 
0.0091 0.0008 604.9 22.0 
0.0198 0.0007 397.6 14.4 
0.0507 0.0009 154.2 5.6 
0.3252 0.0017 47.6 1.7 
2.7928 0.0009 13.1 0.5 
2755.7 100.0 
Sample: IP4-M Field No.: 86OL47-H 
7.281 0.2249 7.9 1.8 
7.515 0.1365 7.3 1.7 
10.713 0.0664 10.4 2.4 
15.027 0.0315 22.0 5.0 
16.177 0.0302 16.5 3.8 
17.272 0.0282 21.2 4.8 
17.048 0.0211 22.7 5.2 
16.468 0.0100 41.0 9.4 
16.226 0.0156 59.5 13.6 
16.306 0.0154 53.0 12.1 
16.502 0.0152 59.9 13.7 
16.772 0.0132 39.1 8.9 
16.544 0.0131 42.5 9.7 
15.808 0.0137 33.6 7.7 
436.6 100.0 
ß 37Ar below detection; Ca too low to measure 
141.8 _+ 2.3 
101.2 _+ 1.7 
85.9 _+ 1.0 
88.7 _+ 1.3 
93.0 _+ 1.0 
95.5 _+ 1.1 
100.2 +_ 1.1 
102.2 _+ 1.1 
103.4 _+ 1.6 
118.1 _+ 2.3 
172.6 _+ 13.1 
99.0 + 0.9 
J = 0.005799 
70.6 
89.2 
94.7 
96.0 
96.0 
96.3 
95.7 
93.0 
99.2 
24.75 
44.22 
67.12 
90.41 
53.67 
24.73 
9.67 
1.51 
0.18 
51.12 _+ 0.95 
54.23 _+ 1.16 
58.52 _+ 0.73 
62.56 _+ 0.70 
63.62 _+ 0.73 
63.83 _+ 0.75 
64.98 _+ 0.87 
69.18 _+ 1.19 
95.24 _+ 2.56 
61.13 _+ 0.82 
63.34 + 1.67 
J = 0.005745 
53.0 
59.9 
73.9 
85.0 
85.8 
86.8 
90.7 
96.5 
93.4 
93.5 
93.5 
94.8 
94.9 
94.7 
0.067 645.4 _+23.8 
0.065 533.2 _+ 26.2 
0.045 485.2 _+ 12.6 
0.032 431.0 _+ 6.1 
0.030 435.3 _+ 9.4 
0.028 432.7 _+ 6.3 
0.028 446.3 _+ 8.1 
0.029 435.7 _+ 7.3 
0.030 443.8 _+ 5.9 
0.030 445.0 _+ 6.1 
0.029 434.6 _+ 5.1 
0.029 443.2 _+ 4.9 
0.029 454.1 _+ 5.4 
0.031 471.7 _+ 15.7 
449.8 _+ 7.7 
438.5 _+ 14.8 
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TABLE 5. Rb-Sr Analyses 
Sample Rb Sr 87Rb/86Sr* 87Sr/86Sr** 
ppm ppm 
P2 Plagioclase 68.30 54.72 3.62 0.71839 
Whole rock 165.00 73.57 6.53 0.71941 
Mica 531.7 53.23 29.00 0.73245 
P3 Plagioclase 6.60 21.13 0.91 0.71531 
Whole rock 133.30 40.84 9.45 0.72151 
Mica 325.30 30.60 30.87 0.73451 
P4 Plagioclase 5.38 47.14 0.33 0.71306 
Whole rock 142.50 36.45 11.33 0.71880 
Mica 348.00 8.86 114.40 0.77984 
*Rb/Sr reproducible to better than 1%. 
**87Sr/86Sr corrected for fractionation using 
86Sr/88Sr = 0.1194 and normalized to E&A 
$rCO3 = 0.70800. Analytical precision <0.005%. 
are shown in Figure 4. Phengite P1 has a near-plateau at 
57 _+ 1.8 Ma, and a gradient down to 45 Ma in the low- 
temperature increments. Phengites P2 and P3 show patterns 
similar to P1, with a smooth age gradient from 40 to 56 Ma in 
P2 and a smooth age gradient from 36 to 55 Ma in P3. In these 
samples, the final ~1% gas released is significantly older 
(middle Cretaceous and late Paleozoic) and could represent 
either excess argon incorporated into retentive sites, or another 
phase that has contaminated the sample. Phengite sample P4 
shows a well developed plateau at 53.9 _+ 0.8 Ma. Regression 
of these data on an isochron plot shows that the initial 
36Ar/nøAr ratio was slightly different from atmospheric, giving 
a corrected age of 53.1 _+ 0.7 Ma. Rb-Sr data from these 
samples reported by Schermer [ 1987] and shown in Table 5 
and Figure 5, yield feldspar-whole rock-mica "errorchron" ages 
of 39 _+ 4, 47 _+ 3, and 40 _+ 2 Ma, and mica-whole rock 
ages of 42 _+ 1 Ma for all samples. The only potassium 
feldspar sample from near the thrust fault, P1 (Figure 4), 
shows a saddle-shaped argon release pattern, with a gradient 
from 50 Ma at high temperatures to a minimum of 28 Ma. 
In the second, structurally higher, group of Pierien samples, 
blueschists P5 and P6 are foliated, but do not contain the strong 
mylonitic fabric characteristic of the group 1 samples. Sample 
P5 shows a well-developed plateau at 61.7 _+ 0.8 Ma and an 
isochron intercept age of 60.7 _+ 1.3 Ma for the plateau 
increments, with a gradient to 41 Ma at the lowest emperature 
step (Figure 6). Sample P6 shows a continuous increase in age 
from 57 Ma to 66 Ma for the first 95.5% gas released (Figure 
6). The older ages in the high-temperature increments are 
associated with lower K/Ca ratios (Table 4) and thus may 
reflect degassing of another mineral, possibly sodic amphibole 
that is present as microscopic inclusions in the micas; however 
these increments (4-7) define an intercept age of 60.3 _+ 1.4 
Ma (Figure 6), in good agreement with the age of sample P5. 
Samples P7 and P7a were collected from relatively weakly 
foliated granodiorite and granite from high levels within the 
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fault at the base of the Pierien unit. Errors for isochrons were 
calculated using the method of York [1969]. 
Pierien unit (Figures 1 and 2). Although the granodiorite is not 
strongly deformed at this locality, mylonitic fabrics are variably 
developed in rocks of similar lithology structurally above and 
below this level, and field relationships indicate it is part of the 
thrust sheet [Schmitt, 1983; Schermer and Burchfiel, 1987, 
also, paper in preparation, 1990] rather than a younger (post- 
Cretaceous, pre-Eocene) cross-cutting intrusive as interpreted 
by Katsikatsos etal. [1982] and Davis and Migiros [1979]. 
Hornblende and biotite were separated from the main 
granodioritic body (1:'7), and potassium feldspar was separated 
from an aplitic dike which cuts the granodiorite (P7a). Similar 
dikes also cut more felsic parts of the igneous body and are 
foliated along with the host rocks in areas where deformation 
has been more severe. 
The hornblende spectrum shown in Figure 7 is disturbed, 
and shows a pattern characteristic of excess argon 
incorporation. However, the minimum (saddle) age of 297 Ma 
agrees well with the intercept age of 293 + 21 Ma on the Ar- 
Ar isochron plot, derived from regression of the last eight 
increments, representing 89% of the gas. The biotite spectrum, 
while also disturbed, shows a similar age of 291 + 7 Ma in its 
middle portion. The potassium feldspar shows a strong age 
gradient from a minimum of 36 Ma to 84 Ma. 
The third group of Pierien samples have experienced the 
most complicated structural history of any of the samples 
analyzed. In addition to containing mylonitic fabrics apparently 
related to thrusting, these samples also show a later, more 
brittle cataclastic fabric related to their proximity to normal 
faults. Samples P8 and 1 x) are from near the intersection of a 
thrust between the Pierien and Infrapierien units and a large 
high-angle normal fatfit which places ophiolific rocks against a 
variety of strucmrally lower units. Samples P10 and P11 come 
from granific gneiss <50 m below a low-angle normal fault that 
places ophiolific rocks of the highest structural unit against a 
thin sliver of Pierien basement rocks which in turn overlies the 
Ambelakia units along a thrust fault (Figures 1 and 2). 
In contrast o the compositional homogeneity of the micas in 
groups 1 and 2, group 3 samples contain two generations of 
white mica, visible in thin section and hand sample as coarse- 
grained silver muscovite fish that are surrounded by later fine- 
grained green phengites that parallel the mylonitic foliation. 
Fine-grained phengite dominates in sample P8; however it was 
impossible to obtain a clean separate from the crushed grains of 
the coarse mica (Table 2). P9-M1 consists of pure coarse (500- 
1000 I. tm) muscovite, while P9-M2 is the fine-grained phengite 
from the same rock, with perhaps -2-5% contamination by 
muscovite M1 (Table 2). Sample Pll also shows evidence of 
two generations of mica formation; although minor coarse- 
grained muscovite is present (Table 2), it may contain a 
substantial amount of 40Ar. Sample P10 contains minor coarse 
muscovite in hand specimen, however muscovite grains were 
not observed in the phengite separate. 
White mica samples 1'8 and P0 show complicated 
incremental release spectra (Figure 8). Muscovites 1'8 and P9- 
M 1 have ages of 284 Ma and 290 Ma respectively in the high 
temperature increments, similar to the relatively undeformed 
samples (t'7) discussed above. The pure muscovite separate, 
P0-M1, shows a smooth age gradient down to a poorly defined 
late Cretaceous-early Tertiary age, whereas the mixed 
muscovite-phengite of P8 is much more complex, containing 
low-temperature steps at -40 Ma, and a subhorizontal portion 
of Cretaceous ages in the middle steps, then a rise to Paleozoic 
high-temperature steps. The complicated release pattern and the 
variation in K/Ca ratio suggests that this specmnn is the result 
of degassing of a mixture of white micas of two different 
compositions and ages. Phengite sample P9-M2 also shows 
evidence of mixing of two different micas; in addition to high- 
temperature steps at-290 Ma, there is a distinct level portion at 
56.8-58.7 Ma and a gradient down to 38 Ma that is similar to 
the cleaner phengite separates of group 1 and 2. 
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Phengite sample P10 shows a relatively simple age gradient, 
from a near-plateau of 58.7 + 1.9 Ma to 42 Ma (Figure 8). 
The last --5% gas released is significantly older. The mica 
separate from P11 shows a complicated profile (Figure 8), with 
(1) evidence of a phase of middle Cretaceous age and low K/Ca 
ratio present in the high-temperature steps; (2) -60% of the gas 
in the 50-60 Ma range, though not forming a plateau; and (3) a 
low temperature release near 40 Ma. 
The microcline spectra in Figure 8 show saddle-shaped 
patterns with high-temperature increments that level off to 
Eocene ages, and minimum ages in the Early Miocene (16-23 
Ma). Microcline sample P8 exhibits the smallest effects of 
excess Ar in low-temperature steps, and also has the youngest 
high-temperature ages of the three samples. 
lnfrapierien Unit 
Phengitic micas were separated from coarse mica schists 
from the Infrapierien unit that is in thrust contact above the 
Pierien gneisses (Figures 1 and 2). This unit shows evidence 
of at least hree periods of deformation a d metamorphism, 
summarized in Table 2. Samples IP1 and IP2 are dominated by 
S1 fabrics formed by coarse micas, blue-green amphibole, and 
epidote; IP3 contains phengite, blue amphibole, and epidote, 
but does not show evidence of a previous (S]) metamorphic 
foliation. Hornblende sample IP4 was collected from a 
massive amphibolite body enclosed within intercalated 
amphibolite gneiss and quartzofeldspathic gneiss that lie 
structurally below the mica schists. 
Release profiles for the mica samples are shown in Figure 9. 
Sample IP1 has an age gradient with high temperature 
increments that level off at 98-99 Ma, and an initial increment at 
56 Ma. The'high-temperature data define an Ar-Ar isochron of 
98 + 2 Ma. The spectrum for sample IP2 is more complex, 
indicative of excess argon incorporation in the low temperature 
steps. Nevertheless, the Ar-Ar isochron plot shows agood fit 
to steps 7-10, resulting in an intercept age of 99.9 + 3.4 Ma, 
consistent with that of sample IP1. Sample IP3 exhibits an age 
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gradient from -50 Ma to a near-plateau at 63.3 + 1.7 Ma. The 
hornblende spectrum 11'4 (Figure 9) is characteristic of excess 
argon incorporation, but the fairly flat pattern for ~90% release 
and the "near-plateau" age of increments 4-10 (439 + 15 Ma) 
may indicate that this early Paleozoic age is meaningful. 
Nonetheless, more hornblende samples are needed to ascertain 
whether this may only be a reflection of a pervasive xcess 
argon component. 
Summary of Results 
Interpreted ages for each structural unit are summarized in 
Table 3. The data can be grouped into three types of release 
spectra: (1) A few samples have well-defined plateaus or 
isochron intercept ages, including P7 hornblende at293 Ma 
(Figure 7), IP1 and IP2 at 98-100 Ma (Figure 9), P5 at 61 Ma 
(Figure 6), P4 at 53 Ma (Figure 4), and A1 at 40 Ma (Figure 
3). (2) The majority of phengite samples have smooth age 
gradients that generally trend from one of the older plateau or 
intercept ages to one of the younger ones. The microcline 
spectra show smooth, saddle-shaped spectra with minimum 
ages clustering in the early-middle Miocene. (3) Complex, 
"staircase" patterns are exhibited by some phengite samples 
(P8, P9-M2, P11) that are known from petrographic work to 
be mixtures of more than one composition of white mica. 
The internal consistency of the data set, in particular within 
the Pierien unit, as well as its agreement with previous studies 
(Table 1) and geologic constraints, leads us to define five 
"events" during which the Ar system was perturbed due to 
either crystallization (or recrystallization) of minerals or a 
thermal pulse and associated cooling: (1) late Paleozoic (~297- 
284 Ma) closure to Ar diffusion in hornblende, biotite, and 
muscovite; (2) imprecisely defined resetting during the medial 
Cretaceous; (3) an event at 53-61 Ma defined by the high- 
temperature ages in phengites; (4) another Eocene event at 36- 
40 Ma defined by the low-temperature increments in phengites; 
and (5) a Miocene event at 16-23 Ma defined by the minimum 
ages of microclines. The three Ambelakia samples how at 
least two periods during which Ar ages were reset after their 
original Cretaceous or older crystallization age; once in early 
Eocene time, and again in late Eocene or Oligocene time. The 
Infrapierien phengite samples indicate two periods of growth 
and/or resetting, the first at ~ 100 Ma, and another during 
Paleocene to early Eocene time. 
We discuss below the mechanism of resetting of Ar ages 
during events following the first thermal event, which is related 
to the intrusion of plutonic rocks. The association of 
metamorphic mineral growth and deformational events 
identified from geologic mapping and petrographic studies 
[Schermer and Burchfiel, 1987; Schermer, 1989] suggest that 
events 2-4 reflect resetting of Ar ages by crystallization and 
recrystallization of minerals and/or by diffusive loss of Ar from 
preexisting rains during metamorphism and deformation. 
Event 5 was accompanied by deformation, but no metamorphic 
mineral growth. 
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DISCUSSION 
The complexity of the data presented above is in part a result 
of the long and complicated history of metamorphism and 
deformation in the Hellenic Alps. In the Mt. Olympos region, 
much of the deformation and metamorphism occurred at 
relatively high-pressure and low-temperature. The low 
temperatures resulted in incomplete resetting of micas and K- 
feldspars from earlier higher temperature crystallization events 
so that we can "see through" many of the younger events to the 
older events in the incremental heating spectra. 
Nonetheless, there are several problems which must be 
addressed before we can interpret hese data in terms of the 
temperature-time history of tectonism in the Mt. Olympos 
region. The discrepancy between Ar/Ar and Rb/Sr ages of 
samples from near the basal thrust of the Pierien unit is 
unexpected in light of published closure-temperature estimates 
for Ar (350 + 50øC) and Sr (500 _+ 50øC) in white mica 
[Purdy and Jaeger 1976; Wagner et al., 1977]. We discuss the 
potential effects of deformation and low-temperature 
metamorphism in this context in order to determine whether the 
early Eocene event recorded by the Ar/Ar data but not by the 
Rb-Sr data is "real". 
We must also consider the origin of the age gradients 
exhibited by most of the spectra. The presence of the gradients 
is both problematic, in the sense that these are not easily 
interpretable spectra; and useful, in the sense that we can gain 
some insight into the nature of diffusion in phengitic micas and 
K-feldspar. We discuss everal possibilities for the origin of 
age gradients in the Mt. Olympos samples and conclude that 
with careful consideration of sample location, texture, 
composition, and degassing behavior, meaningful 
thermochronologic information can be obtained from the 
complicated spectra. 
We conclude with a summary of the temperature-time history 
of this part of the internal Hellenides and discuss the 
implications of these results for the regional tectonics of the 
Alpine orogeny in Greece. 
Closure Temperatures, Mechanisms of Resetting Ar Ages, 
and the Discrepancy between Rb/Sr and Ar/Ar Ages 
The closure temperature, To, of a mineral was defined by 
Dodson [ 1973] as the effective transition from open- to closed- 
system behavior in a geochronologic system where volume 
diffusion is the controlling process for the retention of 
radioactive daughter products. The principal variables that 
control the Tc of a mineral include the diffusion coefficient at a 
given temperature, the cooling rate, and the geometry and 
effective diffusion dimension of the mineral species. Closure 
temperatures for Ar diffusion in hornblende, biotite, and 
microcline are estimated to be ~500-550øC, 300-325øC, and 
100-150øC, respectively [Harrison, 1981; Harrison et al., 
1985; Harrison and McDougall, 1982] at a cooling rate of 
30øC/Ma. The closure temperature for Sr diffusion in 
muscovite has been estimated at-500øC [Wagner et al., 1977], 
and for Ar diffusion in muscovite -350øC [Purdy and Jaeger 
1976]. The muscovite closure temperatures are based on 
empirical evidence from K-Ar and Rb-Sr studies. Ar/Ar 
studies by Snee et al. [ 1988] suggest that Tc for Ar in 
muscovite may be as low as 270-285øC at slow cooling rates. 
Closure temperatures for phengite have not been determined. 
White micas are known to crystallize at low temperatures 
during metamorphism and burial, and abundant evidence exists 
for low temperature (<350-400øC) crystallization of phengites 
from the Mt. Olympos region [Schermer, 1989]. As discussed 
by McDougall and Harrison [1988], several assumptions 
inherent to the derivation of Dodson's [ 1973] closure 
temperature quation are violated if crystallization does not 
occur at a temperature high enough to permit complete loss of 
daughter products by volume diffusion, rendering invalid 
closure temperatures calculated in this way. Deformation may 
also affect the closure temperature, as reduction in grain size 
during mylonitization or cataclasis would cause Ar loss or 
redistribution in a mineral even at low temperatures [e.g., 
Chopin and Maluski, 1980]. Recrystallization results in Ar 
redistribution ot only by volume diffusion within preexisting 
grains, but also by (more rapid) diffusion along grain 
boundaries and in the metamorphic fluid. 
The factors cited above may in part be the reason for the 
discrepancy between Ar and Sr dates of samples from near the 
basal thrust of the Pierien unit [Schermer, 1987]. If the Tc for 
Sr is higher than that for Ar, we would expect older Sr ages, 
yet we find Ar ages on white micas (53-55 Ma) that are 
significantly older than Rb/Sr ages on the same minerals 
(42 + 1 Ma). Inasmuch as the white micas crystallized at 
temperatures near or below the Ar Tc (Table 2), the Ar ages are 
interpreted as the time of metamorphism (and deformation). 
Baldwin and Harrison [1989] obtained similar discrepant 
results on high-pressure phengites, thus it is possible that there 
is a real difference between the closure temperatures of Sr in 
phengite and muscovite, such that in phengite closure 
temperatures for Ar and Sr are similar. The apparent 
dependence of Rb/Sr ages of muscovite on grain size [Cliff, 
1985] also suggests that the fine grain size of the phengites may 
result in a lower closure temperature for Sr, perhaps lower than 
that of Ar. We conclude that the Rb/Sr ages from the Mt. 
Olympos region do not reflect cooling through a-500øC 
closure temperature of Sr in white mica. Although it is possible 
that the Rb/Sr ages reflect the timing of recrystallization during 
mylonitization, the Ar results suggest that it is more likely that 
the mylonitization event is somewhat younger (-36-40 Ma 
maximum age; see below). 
The Origin of Age Gradients in Wtu'te Mica and 
Microcline Spectra 
One of the most important results of this study is the 
observation that incomplete resetting of white mica and biotite 
ages in all structural units constrains the temperatures of 
metamorphism toT-350øC or less even where mineralogical 
constraints on temperatures are Ix)or, such as in the Pierien 
unit. Samples uch as P7, P8, and P9 are the best examples of 
partially reset micas, as they preserve ven the igneous cooling 
age of the basement rocks as well as a later resetting event. 
Mica samples from near the basal thrust of the Pierien unit and 
1188 
from the Ambelakia unit are nearly completely reset from a 
possible Cretaceous metamorphic event evidenced by the 
highest emperature gas fractions. However, the presence of 
two distinct Eocene ages in the white micas and Eocene and 
Miocene ages in the microcline samples indicate that this part of 
the metamorphic and cooling history occurred at relatively low 
temperatures. 
Three possibilities have been proposed for the origin of age 
gradients in the white mica nd potassium feldspar spectra: 
mixing of two phases with different ages and/or closure 
temperatures [Wijbrans and McDougall, 1986]; Ar loss by 
volume diffusion ("diffusive-loss") during a discrete h ating 
event [Turner, 1968; Harrison and McDougall, 1980]; or 
diffusive-loss during slow cooling [Harrison a d McDougall, 
1982]. 
Age gradients inwhite mica spectra: mixing or diffusive- 
loss? Wijbrans and McDougall [1986] interpret "upward 
convex" spectra in white micas from Naxos, Greece to be the 
result of mixing of earlier-formed high-pressure ph ngites with 
younger low-pressure muscovites. During the step-heating 
experiments, themuscovites alegassed at slightly higher 
temperatures than the phengites, sothat he high-temperature 
portion of the spectrum reflected dominantly muscovite-derived 
argon. Wijbrans and McDougall [1986] interpret their esults 
to indicate hat he older phengite ages were partially reset 
during crystallization of younger muscovite, producing an age 
gradient in a pure phengite sample that was a result of Ar loss 
in the later event. Mixing of the partially reset phengite with 
younger, undisturbed muscovite r sults in an age gradient that 
reflects the proportion f old and young micas in the mixture 
rather than the characteristics of the diffusive loss event. One 
point that deserves emphasis here, however, is that the older 
phengite, if it could be analyzed separately, would isplay an 
age gradient, and it is that gradient, when superimposed on the 
flat spectra of the younger muscovite, that results in a final 
mixed spectra with an age gradient [Wijbrans and McDougall, 
1986]. 
Some of the spectra presented above can be explained in 
terms of mixing of micas of two different ages, however, other 
age gradients cannot be explained by mixing. Samples that are 
known from petrographic examination tobe mixtures of older 
muscovite and younger phengite ( .g., P8, P9-M2, P11) 
display adouble-stepped attern (Figure 8) that seems to 
indicate hat he two micas were partially thermally distinct 
during the degassing experiment as well as different inage. It 
is possible that muscovite spectra P9-M1 might be the result of 
mixing because any contaminating phengite could be extremely 
fine-grained and would egas atlower temperatures [Wijbrans 
and McDougall, 1986]. This sample, however, is known from 
hand-picking to contain only muscovite, and other pure 
samples (e.g., P7-biotite) also display age gradients. 
In contrast tothe mixed samples, several samples xhibit 
spectra with plateaus over large portions of the gas released 
(e.g., P4, P5, A 1), even though t ey appear texturally complex 
in thin section, and contain more than one metamorphic 
foliation with associated phengite. Electron microprobe and 
petrographic analysis ofwhite micas in these samples and in 
samples with smooth age gradients (e.g., P1, P2, P3; Figure 4) 
Schermer et al.: Temperature-Time History, Mt. Olympos 
has shown that each sample contains a very limited 
compositional r nge and grain size of phengite [Schermer, 
1989], suggesting that even if phengites of different ages are 
present they would have very similar diffusion characteristics. 
Sample IP1 also displays an age gradient but contains only one 
generation ofphengite (Table 2). If the age gradients inthese 
samples are the result of mixing, the high temperature plateaus 
or near-plateaus would be a function of the proportion f old 
and young micas in the separate and thus would have no 
geologic significance [Wijbrans and McDougall, 1986]. In 
addition, the gradient portion of the spectrum would require 
that he old and young micas have different degassing 
behaviors. Thus, the presence ofa gradient in the absence of
different diffusion characteristics implies that the older phengite 
experienced Ar loss and, if analyzed separately, would isplay 
an age gradient (although not necessarily the same gradient). It 
would be fortuitious, therefore, that he samples are internally 
consistent, with plateau and "upper" ages clustering around 53- 
61 Ma, and "lower" ages clustering around 3640 Ma, similar 
to the ages defined by samples that do exhibit plateaus. The 
coherence of these spectra, the compositional homogeneity of 
the samples, and the contrasting behavior f the samples that 
are known to be mixtures leads us to interpret the smoothly 
increasing a e gradients in the phengite samples a a result of 
diffusive loss of Ar. The correlation f distinct thrusting events 
with metamorphism (Table 2) [Schermer, 1989] and 
independent ageconstraints from previous work (Table 1) and 
fossiliferous strata [Godfriaux, 1968] suggest that he Ar loss 
is the result of both volume diffusion from old grains and 
recrystallization during metamorphism and deformation below 
the closure temperature (see below). 
Muscovite spectra analyzed by Snee t al. [1988] exhibit age 
gradients also interpreted to result from diffusive loss of Ar 
during subsequent crystallization. Comparison with published 
fluid inclusion temperatures indicated that several distinct low- 
temperature mineralization events occurred that did not affect 
the Ar ages, apparently because the cooling rate, and thus To, 
was relatively high (~325øC). However, a final low- 
temperature crystallization event occurred that did cause Ar loss 
from the earlier formed muscovites during slow cooling, when 
Tc was relatively low (270-285øC) [Snee t al., 1988]. 
Diffusive-loss-profiles in microclines and calculation f 
average cooling rates. Several problems exist in the 
interpretation of saddle-shaped potassium feldspar spectra. 
There are two different interpretations of the saddle shape: one 
that excess argon incorporated into weakly retentive sites is 
superimposed on a previously existing diffusive loss profile 
[Harrison and McDougall, 1982]; the other that both low and 
high-temperature inc ments represent excess argon i  different 
crystallographic sites uperimposed on previously existing 
plateaus [Zeitler and Fitz Gerald, 1986]. Based on comparison 
with the spectra of Zeitler and Fitz Gerald [1986] and Harrison 
and McDougall [1982], we interpret the microcline spectra in 
this study to reflect excess argon superimposed on a diffusive 
loss profile [Schermer, 1989]. However, with either 
interpretation, the minimum ages recorded bythe saddle portion 
of the spectra can be interpreted as a maximum age for closure 
to Ar diffusion in potassium feldspar. 
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The diffusive loss profiles in the microcline samples from 
the Mt. Olympos region could be the result of distinct 
deformational events or slow cooling from the Eocene to the 
present. Harrison and McDougall [1982] show that at a 
cooling rate of <5øC/Ma, the -50øC range over which complete 
closure to Ar loss occurs in potassium feldspar is sufficient o 
set up age gradients within the grains. If we assume that the 
profiles have resulted from slow cooling, the high-temperature 
"upper age" would represent the time that diffusion of Ar in the 
sample began to slow down, and the minimum age would 
represent the time of complete closure to Ar loss. The 
minimum and maximum "cooling rates" (over 50øC) calculated 
for the microclines analyzed here are 1.25 and 2.3øC/Ma for 
samples P10 and P1 respectively. 
Cooling rates for the Mt. Olympos region are difficult to 
accurately constrain because the peak temperature reached 
during blueschist facies metamorphism ispoorly known. The 
presence of lawsonite + pumpellyite in the Olympos flysch and 
the Ambelakia unit suggests temperatures in those units did not 
exceed -225øC, while the absence of this assemblage in
appropriate bulk compositions in the Pierien unit may suggest 
temperatures of 250-350øC [Schermer, 1989]. A conservative 
estimate of the average cooling rate during early to late Eocene 
time for the Pierien unit of-3-9øC/Ma is calculated from the 
oldest mica plateau (-61 Ma, P5) and the youngest microcline 
"upper" age (-45 Ma, P8), assuming 250 + 50øC maximum 
temperature and 150øC T½ for microcline. A probable 
maximum average cooling rate of-28øC/Ma is calculated from 
the phengite (57 Ma) and microcline (50 Ma) of sample P1 
cooling from 350øC to 150øC. The minimum average cooling 
rate from -15 Ma to the present (assuming final unroofing 
occurred recently) is calculated to be -10øC/Ma from the 
youngest microcline saddle age (P10). 
Are diffusive-loss-profiles the result of slow cooling or 
discrete Ar loss events? In the Mt. Olympos region, evidence 
for Ar loss during discrete vents comes from detailed mapping 
and structural analysis, but cooling rates calculated from the Ar 
data do not rule out slow cooling. Baldwin and Harrison 
[ 1989] have documented slow cooling rates during Cretaceous 
subduction in Baja California, and attribute age gradients in 
phengite spectra to slow cooling. While average cooling rates 
in the Mt. Olympos region were probably slow, especially 
during the extended period of high P-low T metamorphism, the 
evidence for two episodes of Eocene thrusting and two 
episodes of Miocene and younger normal faulting documented 
in the field suggests that cooling rates could have been higher 
during deformational events. 
Both underthrusting of cool rocks and exhumation by 
normal faulting would cause increased cooling rates. The 
samples that were metamorphosed under blueschist facies 
conditions during the early Eocene occur in a thrust sheet above 
fossiliferous middle Eocene flysch [Godfriaux, 1968] which 
was also metamorphosed uring the thrusting, so that two 
distinct events within the Eocene are required by the structural 
relations. The age of thrusting is constrained by the age the 
flysch to be post-Lutetian [50.5-44 Ma; Harland et al., 1982]. 
Most of the samples that have 36-40 Ma ages for the initial Ar 
release are within 1 km of the thrust and contain two distinct 
blueschist facies fabrics (Table 2). Based on this evidence we 
interpret the phengite age gradients to reflect partial resetting 
during deformation (both by diffusive loss during 
metamorphism and by crystallization that produces mixtures of 
micas) rather than slow cooling. Several of the microcline 
samples were collected from immediately beneath normal 
faults, and contain shear fabrics related to extension, thus we 
believe that the minimum ages of these feldspar samples 
indicate an episodic Ar loss event resulting from normal 
faulting during early to middle Miocene time. Nonetheless, it is 
possible that the Miocene extensional event was superimposed 
on a region undergoing relatively slow (average) cooling. 
Whether the age gradients reflect Ar loss during 
metamorphic/deformational events, slow cooling, or mixtures 
of micas, the correlation of Ar ages with events identified from 
geologic data is persuasive, and the important ectonic 
conclusions that can be drawn from from these data remain 
unchanged: (1) two distinct early Tertiary metamorphic events 
are required by the geologic and geochronologic data; (2) both 
Paleocene-early Eocene resetting of Paleozoic and Cretaceous 
ages and late Eocene resetting of early Eocene ages were 
incomplete, implying that Tertiary metamorphic temperatures 
could not have greatly exceeded the closure temperature of Ar 
in white mica and biotite -300-350øC, for any significant 
period of time (-105 years, Schermer [1989]; and (3) partial 
resetting of Ar ages occurred by volume diffusion from 
preexisting rains (e.g., P7-biotite, P9-M 1), and by 
crystallization of new micas (e.g., P2, IP1) at T<350øC, and 
apparent resetting resulted from mixtures of old and new grains 
(e.g., P8, P9-M2). 
TEMPERATURE-TIME HISTORY OF THE PELAGONIAN 
ZONE DURING ALPINE OROGENESIS 
While the individual release spectra presented here seem to 
be complicated, a pattern of similar ages within and among the 
groups of samples has emerged. The samples which have 
plateaus or well-constrained isochrons constrain the timing of 
four major deformational nd metamorphic events in the history 
of the Pelagonian zone at -293 Ma, -100 Ma, 53-61 Ma, and 
36-40 Ma (Figures 10 and 11). The majority of the remaining 
samples how age gradients from one of these dates to a 
younger one, depending on the closure temperature of the 
mineral and in part on the proximity of the samples to major 
structures. The youngest ages recorded by potassium feldspar 
minima reflect a frith event, the latest low-temperature 
"cooling" event hat we interpret to be related to normal faulting 
and uplift of the metamorphic nappes. 
Figure 10 shows a schematic temperature-time history of the 
Pierien, Infrapierien, and Ambelakia units derived from 
consideration of the closure temperatures for various minerals, 
the metamorphic onditions (Table 2 and Schermer [1989]), 
and their ages. Given the caveats on using published closure 
temperatures as discussed above, we feel that only the early, 
high temperature igneous and metamorphic events can be 
interpreted as the time of cooling through the closure 
temperatures ofvarious minerals. The incomplete resetting of 
these ages during later events indicates that temperatures did not 
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Fig. 10. Schematic temperature-time (T-t) history of the 
metamorphic rocks of the Mt. Olympos region, indicating 
Ar/Ar ages of various mineral separates and their approximate 
closure temperatures. Lightly shaded box shows uncertainty in 
closure temperature of white mica, as discussed in text. The 
upper shaded curve indicates the approximate T-t history of 
higher structural levels, e.g., the Infrapierien unit; the lower 
shaded curve reflects the probable lower temperature path 
followed by low structural levels such as the Ambelakia and 
Olympos-Ossa units. The Ambelakia unit and the lower part of 
the Pierien unit experienced events 3, 4, and 5, but the timing 
of event 2 in these units is not well constrained. Event 4 may 
be of local significance and is only recorded in Pierien and 
Ambelakia unit rocks near the thrust fault over the Olympos- 
Ossa unit. See text for details. 
exceed the 325-350øC closure temperaures of biotite and 
muscovite during later blueschist metamorphism for any 
significant period of time. Temperatures could have been much 
lower, given the recent study of Snee etal., [1988] that 
suggests closure temperatures for muscovite at-270-285øC; 
however, the Ar data provide no constraints as to how low the 
temperatures may have been during and between the blueschist- 
facies events. Thus the temperatures indicated in Figure 10 
must be considered maxima for the Eocene and younger events. 
The two temperature-time paths in Figure 10 reflect the 
apparent difference in metamorphic temperatures reached by 
higher structural levels (e.g., Infrapierien) than lower structural 
levels (Ambelakia, Olympos; Table 2) [Schermer, 1989], 
resulting in an inverted metamorphic field gradient. Figure 11 
is a schematic representation of the tectonic evolution of the Mr. 
Olympos region. 
Paleozoic: Crystallization and Cooling of Basement 
Granitic Rocks 
The oldest well-constrained event is recorded in the samples 
from the Pierien unit at -293 Ma. As these ages come in part 
from hornblende and biotite in the relatively uncleformed part of 
the granific basement terrane and correspond well to a 
concordant zircon age of 302 + 5 Ma from granite in the 
nearby Pierien Mts. reported by Yarwood and Aftalion [1976]; 
they are interpreted o represent the crystallization andcooling 
of the intrusive rocks. A rapid cooling rate of,-40øC/Ma fter 
intrusion isindicated by the difference inzircon, hornblende, 
and biotite ages calculated from the differences in their closure 
temperatures: 700øC for zircon; 550øC for hornblende, and 300- 
325øC for biotite [Martinson, 1978; Harrison, 1981; Harrison et 
al., 1985] over a span of 11 Ma (302-291 Ma). The minor 
resetting ofbiotite 1'7 and muscovite P9-M1 during Cretaceous- 
Eocene time indicates that temperatures in the Pierien unit did 
not exceed-325-350 øC for any long period of time since the 
late Paleozoic. This observation is important to the 
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Fig. 11. Cartoon representation of tectonic evolution of the Mt. 
Olympos region, as constrained by dating of specific 
metamorphic and deformational events in combination with 
detailed structural mapping. Events 1-5 are identified on Figure 
10. See text for details. 
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interpretation of the conditions of later metamorphism and 
deformation, and to the tectonic setting of the Pierien unit 
during Alpine orogenesis. The granific and gneissic rocks of 
the Pelagonian basement are overlain nonconformably by 
Permo-Triassic metasedimentary rocks and Triassic-Jurassic 
marbles just to the west of the Olympos massif [Katsikatsos et 
al., 1982], indicating they were at or near the surface until at 
least Late Jurassic time. 
The granific samples (1>7) analyzed here were collected from 
an area mapped by Davis and Migiros [ 1979], and Katsikatsos 
and Migiros [1987] as "recent" granites that intruded and 
metamorphosed a previously foliaWal gneiss complex. They 
considered the granites to be post-Late Cretaceous and pre-late 
Eocene. However, other workers [Godfriaux, 1968; Schmitt, 
1983; Vergely, 1984; Godfriaux et al., 1988; Schermer, 1989] 
include the granites in the Paleozoic basement units. In 
addition to the field relations now_xl above, the 40Ar/39Ar data 
indicate that the latter interpretation is correct. 
The -439 Ma age recorded by hornblende sample 11:'4 may 
represent the pre-Carboniferous basement of the Infrapierien 
unit that was unaffected either by granific intrusion or the later 
metamorphism and deformation which affected the surrounding 
gneisses and mica schists. There are no dates on the granites 
from this particular structural unit, and they are not seen in 
intrusive contact with the amphibolite at this locality. If this age 
is substantiated by further analyses, it would be one of the 
oldest age determinations reported from the Pelagonian 
basement. G. Marakis (1970), cited by Barton [ 1976], dated 
biotites from granites in northern Macedonia using K-Ar and 
obtained a range from 461-465 Ma. However, more work is 
needed to rule out the possibility that the biotites, as well as the 
hornblende analyzed in this study, do not contain so much 
excess Ar that the cooling ages are obscured. 
Mesozoic: Basement lmbrication, Greenschist Facies 
Metamorphism 
The age of the greenschist facies or blueschist-greenschist 
transition facies metamorphism and deformation in the 
Infrapierien unit is constrained by the mica ages of 98 and 100 
Ma reported here. Ophiolitic rocks are thrust above the 
Infrapierien unit in the northern part of the study area (Figure 
1), however the metamorphic fabric in samples IP1 and IP2 is 
not known to be directly relat•l to the basal ophiolitic thrust 
fault, and could instead be relat•l to basement imbrication 
within the Infrapierien unit [Schermer and Burchfiel, 1987; 
Schermer, 1989] (Figure 11). It is possible that the Rb-Sr ages 
of 119 and 116 Ma reported by Yarwood and Dixon [1977] 
from the Pierien unit in a higher thrust sheet are relat•l to the 
ophiolite emplacement. Further interpretation of the Cretaceous 
metamorphic history of the Mr. Olympos area and surrounding 
regions is limited by the lack of geochronologic data from near 
the base of the ophiolite unit and throughout the upper parts of 
the crystalline nappe stack. If the Ordovician hornblende age 
described above is valid, the amphibolite facies metamorphism 
that other workers have described as Cretaceous in age and 
possibly associated with ophiolite eraplacement [e.g., Nance, 
1981] or post-Carboniferous, pre-Triassic [Schmitt, 1983] 
could be much older. For surrounding areas of Greece, a 
summary of K-Ar and Ar-Ar ages on metamorphic sole rocks 
beneath the ophiolites [Spray et al., 1984) indicates that initial 
emplacement ages range from 155-175 Ma. Stratigraphic data 
in areas to the north and south of Mt. Olympos bracket 
ophiolite emplacement between Late Jurassic and pre- 
Cenomanian time [Vergely, 1976; Mercier et al., 1975]. 
It is interesting that none of the samples collected from the 
upper parts of the Pierien unit record the Cretaceous event. 
Samples from near the basal Pierien thrust fault have 
Cretaceous ages for the final 1-2% gas released, however it is 
not clear what mineral is degassing at these high temperatures 
or whether such ages could represent excess Ar. Nevertheless, 
the sample dated by Barton [1976] at 124 Ma by Rb-Sr 
contains a mylonific fabric that he interprets to be Early 
Cretaceous in age. It is possible that (1) any Cretaceous event 
was too local to cause open-system behavior of Ar in micas 
throughout the unit; (2) at least part of the Piefien unit was 
removed from the site of ophiolite emplacement and was not 
imbricated with the Infrapierien rocks until Tertiary time; (3) the 
samples analyzed in this study have been so completely 
recrystallized uring Eocene and younger events that we cannot 
recognize the Cretaceous events; or (4) the Cretaceous Rb-Sr 
ages reflect the "averaging" of several events due to open- 
system behavior or crystallization below the Tc of Sr in white 
mica, as discussed above. More sampling throughout both 
units will be needed to test these hypotheses. 
None of the Infrapierien micas that we have analyzed record 
pre-Cretaceous ages; thus it is probable that the mica grew 
during the Cretaceous metamorphic event, and/or that 
temperatures of greater than 350øC were achieved during that 
time. Preliminary study of the petrology of this unit suggests 
that the metamorphic temperatures were ~350ø-500øC 
[Schermer, 1989]. Nevertheless, the rocks must have cooled 
fairly rapidly following metamorphism because samples IP1 
and IP2 only record minor Ar loss during early Tertiary events 
and do not show overgrowth by younger minerals. We cannot 
constrain the minimum temperatures reached by the Infrapierien 
unit between the Cretaceous and Tertiary events, as shown in 
Figure 10. It is probable that the 63 Ma age of sample IP3 
reflects new growth of micas relaW_xl toTertiary thrusting and 
high pressure-low temperature metamorphism as this sample 
only contains one metamorphic foliation; the Ar loss event 
experienced by samples IP1 and IP2 appears to coincide with 
this event. 
Tertiary: Thrust Faulting, High Pressure-Low Temperature 
Metamorphism, and Cooling 
Major deformation and metamorphism in the Olympos 
region occurred uring Eocene time, as is evident from the 
Rb/Sr and the 40Ar/39Ar data. Most of the blueschist-grade 
samples appear to record two events, one at 53-61 Ma and the 
other at 36-40 Ma. The older event is texturally associated with 
blueschist mineral formation, foliafion formation, and isoclinal 
folding, and may itself be a combination of several events that 
we cannot distinguish with the present data [Schermer and 
Burchfiel, 1987; Schermer, 1989]. The younger event records 
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the age of thrusting of the blueschists ofthe Ambelakia nd 
Pierien units over the Olympos-Ossa unit and the age of 
blueschist-facies metamorphism of the Olympos-Ossa unit 
(Figure 11). Deformation-induced diffusion at low 
temperatures, recrystallization of micas, and/or shear heating at 
the thrust [e.g., Barton and England, 1979] are possible causes 
for the Ar loss event exhibited by samples near the thrust fault. 
Textural and mineralogic evidence recorded in the mylonitic 
rocks associated with the thrust fault indicates that thrusting 
was accompanied by high pressure-low temperature 
metamorphism [Schermer, 1989]. 
Pierien samples from >400 m away from the basal thrust 
fault (Groups 2 and 3; P5, P6, P10, and Pll) apparently 
record slightly older blueschist facies metamorphism (--59-61 
Ma) than the strongly mylonitized samples near the thrust fault. 
These samples also exhibit the later Eocene Ar loss event hat 
we attribute to thrust emplacement above the Olympos-Ossa 
unit, although the mylonitic fabric is not as well developed. 
The older ages of these high-level blueschists may reflect (1) 
earlier cooling during an uplift event prior to early Eocene 
thrusting or (2) subduction and blueschist metamorphism 
spanning the time from ~61 Ma to <40 Ma. Furthermore, the 
53-55 Ma ages could reflect 60 m.y.-old micas that were 
partially reset during thrusting at 36-40 Ma or may be mixtures 
of micas. This hypothesis eems unlikely because sample P4, 
with a plateau at 53.1 +_ 0.7 Ma and sample P5, with a plateau 
at 60.7 + 1.3 Ma, have significantly different ages that 
apparently reflect a real variation in either cooling history or 
time of metamorphism. Samples at higher structural levels 
would be cooled before samples at lower structural levels 
during an uplift event. We are uncertain whether these 
Paleocene to Eocene events were in fact distinct in time and 
space, or whether they could represent aprotracted 
deformational event. 
It is clear from the 40Ar/39Ar and petrographic data that he 
Ambelakia and Pierien units were metamorphosed at 
approximately the same time and P-T conditions in the early 
Eocene, and thrust over the Olympos-Ossa carbonates during 
or after the middle Eocene. The late Eocene event also 
produced blueschist-facies assemblages in the Olympos flysch, 
but the metamorphic pressure and temperature may have been 
somewhat lower than in the early Eocene [Schermer, 1989]. 
The lack of oceanic rocks in any of these three units implies that 
the subduction took place within the continental crust. A 
similar conclusion was reached by Godfriaux et al. [1988]. 
The apparent metamorphic "inversion" of higher pressure rocks 
on lower pressure rocks supports the interpretation of the main 
fault between the blueschists and the Olympos platform as a 
thrust fault. Structural arguments developed by Schermer and 
Burchfiel [1987; also paper in preparation, 1990] and Schermer 
[ 1989] indicate that thrusting was SW-directed. Thus, we can 
envision the early Tertiary events as the subduction, imbrication 
and obduction of the eastern margin of the Apulian plate 
proceeding from the intemal Hellenides toward the foreland 
(Figure 11). 
The present map pattem of the thrust nappes reflects evere 
disruption by younger normal faults such that, on the eastern 
margin of the Olympos massif, the contact between platform 
carbonates of the footwall and slivers of crystalline rocks and 
ophiolite in the hanging wall is not the original thrust fault 
[Schermer and Burchfiel, 1987]. Several generations of 
normal faults are present which bring the highest structural 
units, the ophiolitic rocks, down on the lowest units. These 
faults cut out as much as 5-6 km of structural thickness, and 
also cut Neogene and Quaternary alluvial deposits on the east 
side of the range (Figures 1 and 11). Although cross-cutting 
relations prove that the normal faults are younger than the thrust 
faults, the precise age of initiation of extensional tectonism in 
this area is uncertain. 
The 4øAr/39Ar data presented here from microcline samples 
collected near the normal faults provide evidence for the age of 
extension and unroofmg of the metamorphic rocks. The 
minimum ages in the microcline spectra cluster around 16-23 
Ma, indicating the maximum age of cooling below microcline 
closure temperatures. The cataclastic textures within these 
samples are clearly associated with the normal faults, thus we 
interpret hese minimum ages to be the result of a low- 
temperature xtensional deformation that occurred uring the 
early to middle Miocene. Temperatures appear to have been 
high enough to cause some Ar diffusion in K-feldspar, with a 
Tc of ~150øC, but were insufficient to reset the mica ages. The 
normal faults appear to be partly responsible for the uplift of the 
blueschist facies rocks at a rate fast enough to avoid reheating 
by thermal relaxation [e.g., England and Richardson, 1977; 
Draper and Bone, 1981]. 
In a regional context, Neogene extension occurred within an 
overall compressional tectonic regime as thrusting progressed 
westward through the extemal Hellenides throughout Miocene- 
Holocene time [Burchfiel, 1980; Papanikolaou, 1984b]. 
During early to middle Miocene time, extension and subsidence 
occurred in the Mesohellenic trough to the west of the 
Pelagonian zone. To the east, the Aegean back-arc basin began 
to open at ~10-13 Ma [Angelier, 1978]. Thus, during the time 
the Olympos platform and the overlying metamorphic rocks 
were being cooled and tectonically denuded, the nearby areas 
on either side were subsiding. Inasmuch as the extension and 
uplift of the metamorphic rocks in Greece has not yet been 
extensively studied, it will be important to gather additional data 
from other parts of the Pelagonian zone, reexamining nappe 
boundary faults for their sense of dispacement and studying 
blueschists throughout Greece to confirm the early-middle 
Miocene extensional events presented here and their relation to 
compressional tectonics. 
CONCLUSIONS 
Rb-Sr and 40Ar/39Ar ages from metamorphic rocks of the 
Pelagonian zone in the Mt. Olympos region provide constraints 
on the ages of several metamorphic and deformational episodes 
and on the time-temperature history of this part of the 
continental subduction zone. The low temperature of 
metamorphism in these units has resulted in preservation of age 
gradients in the Ar release spectra. The samples in this study 
show that a wealth of information can be derived from 
4øAr/39Ar dating of micas crystallized at low temperatures, 
because the diffusive loss profiles can constrain both initial 
crystallization and younger metamorphic or deformational events 
which may be obscured by Rb/Sr mineral-whole rock dates. 
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Five deformational nd metamorphic events have been 
recognized (Figures 10 and 11): (1) the crystallization of 
granitic intrusions into the continental basement terrane at 302 
Ma [Yarwood and Aftalion, 1976], and their cooling at 
-40øC•a until -291 Ma; (2) greenschist to blueschist- 
greenschist transition facies metamorphism ofcontinental thrust 
sheets at-100 Ma, associated with imbrication of the basement 
terrane in the Early Cretaceous (D1); (3) blueschist facies 
metamorphism and imbrication of basement rocks of the Pierien 
unit (T<350øC) and metasedimentary and metavolcanic rocks of 
the Ambelakia unit (T<200-300øC) at 53-55 Ma, perhaps 
beginning in the Pierien unit before 61 Ma (D2); (4) 
underthrusting and subduction of the Olympos-Ossa unit 
beneath the higher blueschist nappes at 3640 Ma (D3); and (5) 
cooling below 100-150øC at 16-23 Ma, accompanied by normal 
faulting that has continued to the present (Ds-D7). 
Deformation in the Pelagonian zone occurred over a very 
long period of time (-90 Ma), and was episodic, involving 
subduction and imbrication of continental basement before, 
during, and after the collision of the Apulian and Eurasian 
plates and final closing of the Vardar ocean in latest Cretaceous 
time [Mercier et al., 1975; Burchfiel, 1980, Papanikolaou, 
1984a]. Each succeeding imbrication of structurally lower 
units into the nappe stack appears to represent lower 
temperatures of metamorphism; pressures, while not well 
constrained, seem to either increase or be approximately 
constant downward through the structural stack. Further work 
on the metamorphic petrology of these units is needed to 
constrain whether this apparent rend may represent the overall 
cooling of a subduction zone, as proposed by Cloos [1985] for 
oceanic subduction, here applied to an intracontinental 
subduction regime. 
During early to middle Tertiary time, a moderate to slow 
average cooling rate of >3-9øC/Ma below maximum 
metamorphic temperatures of-350-400øC was 
contemporaneous with continued subduction. Syn-subduction 
uplift and cooling probably combined with intermittently higher 
cooling rates during extensional events to preserve the 
blueschist facies mineral assemblages as they were exhumed 
from depths of >20 km. 
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